Introduction to Sparse Modeling

Toward GW data analysis
without templates

Hisaaki Shinkal (Osaka Inst. Tech.)
HEHFHH (KRIX)

*x The standard way for detecting GW signals from noisy data is the
matched filtering technique. GR researchers prepare gravitational
waveforms for that purposes.

*x But how about the theory is differ from GR?

How about unknown wave sources?

* Remember the Pulsar was first detected as unknown radio
sources 50 years ago.

* Remember GRB was first detected as suspicious bomb.
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“Science” Breakthrough of the Year 2019

First Image of a black hole : center of M87

ithikhr 555007 64 https://alma-telescope.jp/news/press/eht-201904

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwako 3



MS8T7* NIk M=(6.5+0.7)x 10° Msun

Figure 1. Eight statons of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87" (+12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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Ring-down GW search using Auto-Regressive model

Merger Hisaaki Shinkai (OIT)
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Nakano+, PRD99 (2019) 124032
mockdata-challenge comparison

PHYSICAL REVIEW D 99, 124032 (2019)
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Comparison of various methods to extract ringdown frequency i 05|
from gravitational wave data x
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Hiroyuki Nakano,"" Tatsuya Narlkawa " Ken-ichi Oohara * Kazuki Sakai,” g |
Hisa-aki Shinkai, 6 Hirotaka Takahash1 ¥ Takahiro Tanaka Nam1 Uchlkata g 05|
Shun Yamamoto,” and Takahiro S. Yamamoto®" e » Inspiral
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rin own searcC - -
9 TABLEIII. We show the values of log fr, 6(fr), 0log f1, and
60 mOdeata o(fy) for various methods. The results limited to set A are given
on the first law of each method, while those limited to set B are on
the second.
Slog fr(%) o(fr)(%) &logfi(%) o(f1)(%)
MEF-R A —12.88 28.36 -71.51 97.79
matched filtering B ~0.82 27.53 —46.11 75.48
MF-MR A 625 17. 27 —-12. 62 %,37.9
Hilbert-Huan B .47 1041 7. 18 UHP07.61 Uy
Transformation HHT A  -13.38 21.91 —44.11 61.58
B —8.08 19.81 —28.78 49.61
Auto-Regression Method A 02 ¢ % 993 & & 4 88 eeeee 4 38. 75
B ] 91 8.57 £34. 64
NN A —6.64 16.48 —15. 23 33.96 Sevcetin
Neural Network method P B _6.65 o7 G558 996 e




Auto-Regressive model (idea)

rFitting data with linear func. A

Tp = @1Tp—1+0a2Tp—2+ "+ AMTn—M T €
M
E AjTn—j + €

_ 7=

e.g. x, = Ae "t cos(wnAt)
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can be applied also to noisy data by adjusting M
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Auto-Regressive model (Method, general)

_

rFitting data with linear func. A
Tpn = QA1Tp—11T0a2Tp—2+ "+ aAMTpn—M +E
M
= Z AjTn—j + €
J=1 )

e find dj

e apply FFT with arbitrary precision.

(Burg method)
e find M (FPE final prediction error method)
e re-construct wave signal from fitted function

p(f)

\_

fpower spectrum
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2% | says amplitude,
arg(z) says frequency.
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Auto-Regressive model vs Short FFT

sampling rate=4096 segment = 1/64 sec = 64 points
I 1 1 1 1 1 1 1 I | 1 1 I I
1 1 1 1 1 1 1 1 1 1 1 I I

I : 1 1 1 1 1 1 I

000 000 l:l
o

shift = 1/512 sec = 8 points

— The order M can be fixed at 2~8.

"thspectrum.d
“arspectrum.dat” using 1:($2)/20000 —

Even for short segment,

P(f) - /I 1 AR model shows precise
A\ FFT | power-spectrum.
/ YA\ \/

freq [mock data SNR=40, inspiral part]
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)
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GW150914

Hanford (SNR=20.6)
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)

Livingston (SNR=14.2)
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Ringdown Search by Auto-Regressive Approach (01/02 public data, GWTC1 catalogue)

WAEENS (M, a,z) = (63.1733.0.69709 0.0919:03)
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Livingston (SNR=14.2)

500

450

400

350

300

250

200

150

100

T

1

1

1

1

|

1

1

1

|

154 1541 1542 1543 1544 1545 1546 1547 1548 1549 155

fao0 = 249.4 Hz, foo1 = 244.0 Hz, fago = 233.7 Hz
fo10 = 349.3 Hz, fo11 = 207.1 Hz, fopo = 231.9 Hz
f330 = 395.3 Hz, f331 = 392.1 Hz, f330 = 386.3 Hz
f320 = 355.9 Hz, f310 = 322.1 Hz, f300 = 293.9 Hz

fQNM >

¢ imag (2 GW150914 detector frame
f_imag LV paper
_ (AR) Hanford
60| (AR) Livingston
40 ‘/\ H
f real
100 200 300 200 50 -real )
K . GW150914
K | source frame
err |
param T
o4 LV paper
(AR) Hanford
“I"" (AR) Livingston
' ; y - . MaSS L Mass



Sparse modeling (BREEFT U >4)) introduction

Sin[i Pi/5 + Pi/3] ol K .
+ RandomReal[{-0.1, 0.1}] - . ) .
25 pt data : e s
fitting up to x*5 fitting up to x*10 fitting up to x*25

4L

53.7899 - 151.583 x + 178.296 x* - 115.918 x> + 46.9704 x* - 12.6065 x> + 2.30156 x° - 0.28538 x' +
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Sparse modeling (BREEFT U >4) introduction

fitting up to x*7
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Sparse modeling (BRIEEFVU>4) introduction

fitting the data with noise
=> we do not need a fitting function which passes all the data

(overfitting, 1BES)

=> rather we should find a fitting as it has more zero-components

signal

(21

\s. /

redundant dictionary data

( Ain A ... Ay, \ ( 2 \
Ag1 A ... Aoy . :
: : : : : (m <n), rank(A)= min(m,n)
\Aml Am2 c.. Amn/ \x;_l )
with many zero components
=> minimize _
lzllo = |supp(@)| = [{i={1,2,---,n}:z; # 0}

Hisaaki Shinkai, ShinGakulutsu BootCamp@Sendai, 2017/12/8-9 15



Sparse Modeling
LASSO

Linear regression problem.
V¥V error

yi = Bizy” + Bzl + - + B + e

~

Find £, which minimize
N

2
p )
ming S (y S mﬁ”)
j=1

1=1

L and also with sparse 5. 4 sparse = as much zero-components

-

LASSO (least absolute shrinkage and selection operator)
Tibshirani (1996)

N

1=1

which is equivalent with finding # which minimize the following equation:

ming

N L . .
z(yqz—mjxi ) A8 | = ming
1=1 =1 1=1

]_

P p
y— > Bzt
j=1

A Ll1-norm

\_

2

2

p 2\ 2 N
miny 3 (- % el [subject o SI8l< tj
j=1 1=1

+ A8l ]

A Ll1-norm

),
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Why L1-norm constraint makes sparse solution?

Rigde Regression LASSO

2 2

p ,
Hy -y 5].:130)
j=1

ming

+ A8l }

A Ll1-norm

p . )
'ly =X BVl + 1811, l min;
j=1

2 2

A L2-norm

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwako 17



LASSO variations

e clestic net = LASSO + Ridge Regression

) Nk
min Hy -3 50 +A((1- )18l +a ||ﬁ||2)} ()
J= 2
e fused LASSO (for time series data)
| N , N-1
ming [Z(yz —Bi) + A D |Biv1 — 51'@ (2)
i=1 i=1

e (lassification problem: Set the logistic regression for probability function

exp [y(By + £ Bjx))]
Py | @8, fo) = 1 O (3)
and consider N
ming Y [—logp;(yi | =i; B, Bo) + Al|B]]1] (4)

1=1

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwako 18



Exercise of Noise Removing

100 100

200 200
300 300
400 ¢

400

e 500 » £ ; S
0 100 200 300 400 500 0 100 200 300 400 500

original noised
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Exercise of Noise Removing
Mean Blur

Averaging 3x3 Averaging 5x5 Averaging 7x7

100

200

300

400 9

0 100 200 300 400 500

0 100 200 300 400 500

noised * remove small scale noises (Low-Pass filter)

* Edge is smoothed

http://labs.eecs.tottori-u.ac.jp/sd/Member/oyamada/OpenCV/html/py_tutorials/py_imgproc/py_filtering/py_filtering.html
Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwako 2 1



Exercise of Noise Removing
Gaussian Blur

Gaussian 3x3 Gaussian 5x5 Gaussian 7x7

100

200

300

400 9

0 100 200 300 400 500 0 100 200 300 400 500

noised * Center cell is emphasized
* Good for removing white noises
* Edge is smoothed

Hisaaki Shinkai (Osaka Inst. Tech.), Area workshop 2020 Winter/Group A camp of the “Innovative Research: GW genesis” 2020 Jan 11 @ Biwako 22



Exercise of Noise Removing
LASSO

From noisy data [i,,y to reconstructed data Ioytput. Try to minimize

1

F=-
2

|] output — ]input|2 + )\|] output|- (1)

In actual, let the output (each cell component) x; and the input b;. Set [x; = a;e; |, where
a; >0 and e; = +1 or —1.

F = %;(x,- ~ b+ AT
— %zj:(aiei —b;)? + /\zl: le;|a;
If we want to minimize this equation, e; = sgn (b;), therefore
I = %;(aisgn (bi) — bi)* + /\2;: €ila;
- %;(ai ~ bl + AT feia
. %;(ai — [bi] + )2 + 2A[bi] — A

so that we obtain a; = max (|b;| — A, 0).

https://Ip-tech.net/articles/CY2Kn
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Exercise of Noise Removing
LASSO

Original

A=10.0 A=15.0

100

200

A=40.0 A=60.0

300

400

0 100 200 300 400 500
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Exercise of Noise Removing
Total Variation (Bregman Iteration)

From noisy data [iyput to reconstructed data w = Ioytput. 1Ty to minimize

A
F :Evrul T |VUUD+ 5(“ — Iinput|a (1)

This makes differences of each nearest cells are sparse, which makes monotonic colors.
To weakly enforce the constraints in this formulation as to minimize

L A
minimize, q, 4, |d.| + |dy| + §\U — Iinput‘Q T % (|V1)u — dr‘Q +[Vyu — dy‘2> (2)

where d, = V,u,d, = V,u (independent values to V,u and V,u). Bregman Iteration is
to split this converging process in k-steps as

uk+1 — mlnlmlzeu.dl‘.dy|d.’1‘| -+ |dy|—|— §|u_lillput|2+g (|V,lu —d, — b;];lQ + |Vyu — dy - bz|2) (3)

https://Ip-tech.net/articles/tkPFr/view
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Exercise of Noise Removing

Total Variation (Bregman Iteration)

Original Noisy

iter=10, lambda=0.1 iter=10, lambda=1.0 iter=10, lambda=10.0

100

200

300

400

500

0 100 200 300 400 500
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Exercise of Noise Removing

original noised
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“Science” Breakthrough of the Year 2019

First Image of a black hole : center of M87

ithikhr 555007 64 https://alma-telescope.jp/news/press/eht-201904
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Team 1 (RML Team 2 (RML Team 3 (CLEAN Team 4 (CLEAN

o0 pas

——

() ) 10 ().0) 2.5 5.0 () 2 ]

Brightness Temperature (107 K)

Figure 4. The first EHT images of M87, blindly reconstructed by four independent imaging teams using an carly, engineering release of data from the Apnl 11
observations. These images all used a single polanzation (LCP) rather than Stokes /. which 1s used in the mmainder of this Letter. Images from Teams | and 2 used
RML methods (no restonng beam): images from Teams 3 and 4 used CLEAN (restored with a circular 20 pas beam, shown in the lower nght). The images all show
stmu lar morphology, although the reconstructions show sigmficant differences in brightness temperature because of different assumptions regarding the total compact
flux density (see Table 2) and because restonng beams are applied only to CLEAN images.

Independent methods:

>>inverse modeling (CLEAN) the standard deconvolution method
>>forward modeling (RML) regularized maximum likelifood

(classical maximum entropy method)

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L4 (52pp), 2019 Apnl 10 https g/ 103847 /2041-8213/able8S
X009 The Ameacan Aswonomxal Soaay
OPEN ACCESS @
First M87 Event Horizon Telescope Results. IV.
Imaging the Central Supermassive Black Hole

The Event Horizon Telescope Collaboration
(See the end matter for the full list of authors.)
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Figure 1. Top pancls: aggregate bascline coverage for EHT observations of MS7, combining observations on all four days. The left pancl shows short-baseline

covenge, comp

rised of ALMA interferometer basclines and intrasite EHT basclines (SMA-JCMT and ALMA-APEX ). These short basclines probe angular scales

larger than 0.17. The right pancl shows long-bascline coverage, compnsed of all inter-site EHT basclines. These long basclines span angular scales from 25 to 170 jas.
Each point denotes a single scan, which range in duration from 4 to 7 minutes. Bottom panels: the full bascline coverage on MS7 for cach observation. In all pancls,
the dashed circles show bascline lengths corresponding to the indicated fnnge spacings (0.2" for the upper-left pancl: 25 and 50 pas for the remaining panels).



Observed “Visibility” V' is Fourier-transformed image I: V = F'I.
e LASSO

I = argmin; [HV — FI||5 + A,HIHJ . subject to I1>0

e LASSO with Total Variance of the image

I = argmin, [HV — FI||5 + Af||I)|; +E\,HIHTVD subject to I>0

where ||I||py is either isotropic TV [Akiyama+, ApJ 838 (2017) 1]

I ||isoTV = Z Z \f"’f|]i+1._,‘ — L i|* + |Lij1 — Li |?
t J

or total squared variation [Kuramochi+, ApJ 858 (2018) 56]

1 |lrsv = 23 (Hiv1g — Ligl* + i — LijI)
t ]
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Application plans of Sparse-Modeling to GW data analysis

Auto-Regressive model (Method, general) alternative linear-regression method
fFitting data with linear func. )
Tp = 01Tp-1+02Tp—2+ - +aAMTpn—M +E
o~ hoise erasing method
= Z AjTn—j + €
L Jj=1 ) . 512
e find g; (Burg method) E 256 p
e find M (FPE final prediction error method) ;
e re-construct wave signal from fitted function g 128
e apply FFT with arbitrary precision. g
(power spectrum ) characteristic eq. 8 64
o2 M _ ™
p(f) = > ) f(z)=1—Zajz7=O 32
1= 3 ae-tamirat =1 030 035 040  0.45
J— a]e .
j=1 |z | says amplitude, Time (s)
- J arg(zx) says frequency.

time series online prediction
detection algorithm In neural net =i

e (Classification problem: Set the logistic regression for probability function
, ~exp [y(By + 5 BjxD)]
p(y | malga 6(]) — G) \
and consider v k \
ming Y [—logpi(yi | Ti; B, Bo) + Al|B]]1] :

1=1
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penalized spline method

N-1
& = arg min E (v; — aA(7,))* + Aaa’
a =0

SEECR (spline enabled effectively-chirp regression)

A(@, 0, ¢oly, 4) = R(a. ;9' po|y) + raa’

1y —5(a, 6, o) ||
A A
GWdata signhal model

(19)



