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Gitches

Transient disturbances of environmental (exogenous, e.g.

lightning)  and/or instrumental  (endogenus,  e.g. laser) origin;

Appear ubiquitously in the data gathered by interferometric

GW detectors, with a wide range of energies;

Idiosyncratic signals:  exhibit  a wide variety of shapes;  still 

mostly  visually  similar and  erratically recurrent. 

Glitch rate roughly  inversely proportional to glitch strength;

Important  impact  on  instrument’s   noise (non-stationarity,

heavy-tails)  ->  glitches  spoil naïve (Gaussian) detectors.

… word  comes from Yiddish  term   גליטש
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Glitch Sources

Seismic activity

Acoustic noise of various origin 

Electric/magnetic surge

Vacuum pipe expansion/contraction (stepwise) 

Laser control system 

Thermal compensation system

Cavity alignment  

Piezo driver malfunction

Sensor/actuator malfunction

Digital circuitry noise

Residual (unknown origin)

[J. Aasi et al., Class. Quantum Grav. 29 (2012) 155002]

“External”

“Sub

systems”

“sensors/

actuators”

Structural”

instability, back-

lash, saturation
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Glitchology Goals

• Tracing out the origin of typical glitches families, and tweaking 

the machine design so as to suppress or mitigate them;

• Identifying  surviving   glitches in the GW channel,  capitaliz-

ing on information  from the instrumental / monitoring  chan-

nels,  and  tagging/vetoing the data appropriately ;

• Characterizing  statistically  the residual glitchy noise, and 

devising  robust detection  algorithms  (noise modeling).

• Subtracting  identified  glitches  from the GW channel  (noise

cancellation);
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Old Style Vetoing 

(markers identify peak-times)
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Check  whether a trigger in the 

GW  channel is coincident  in 

time with  a trigger in one  (or 

more) AUX  channel(s), at  a 

given significance  level.

(characterize preliminarily  accid-

ental coincidence  statistics via  

time slide experiments).

[K.C. Cannon, LIGO P070085]
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Improved Vetoing

Use knowledge  of  the couplings 

(transfer functions) between the 

AUX channels and the GW one

to check  consistency between

transients occurring in the GW

and the instrumental channels .

Better efficiency, lower rate of 

accidental vetos.

[P. Ajith et al., PRD 76 (2007) 042004].
(markers identify peak-times)
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Data Quality

[F. Robinet et al., Class. Quantum Grav. 29 (2011) 155002]
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DQ Figures of Merit

[F. Robinet et al.,  Class. Quantum  Grav. 27 (2010) 194012]

d =   Dead-time (DQ-flagged fraction of science time)

UP = Usable-percentage (fraction of DQ segs used to flag at least one trigger)

ε =    Efficiency (fraction of triggers which are flagged)

A (Poissonian) probability of rejecting a true GW signal  is attached to each DQ

ε/d =1  ⟺ flag  is  basically  random; ε/d > 1 ⟺ flag  deemed as  effective;
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Popular Wisdom

We should refrain from 

throwing the baby out with the bath water…
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GW Interferometer Noise

Appears to consist of three basic components:

None of these terms is described by a Gaussian - stationary 

distribution ! 

Naïve detection estimation algorithms based on a Gaussian

Stationary noise-model will underperform !!

Narrowband component

“strong” (discernible) gitches

residual (floor) component

Besides the “good” expect-

ed Gaussian component, 

it may contain a locally

Gaussian but breathing.

(slowly fluctuating variance)

� � � ��� � � �� � � �	
���
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τ τ +T

Let  :    

Θ � �, � � � the time window ;

�����
	 	� � 1…�� a set of  �� random  i.i.d.  (uniform) firing times in Θ;

�� the  random, (Poisson distributed, Hurwitz-Kač th.) no. of glitches in Θ ∶

	���� � ����
; ����
	 	� � 1…�� 	a set of atoms, with �	����
	 	� � 1…��
a  set of  random parameters  (with known distributions) 

 � the glitch firing-rate;  may fluc-

tuate adiabatically (Cox process)

!"#$ �� � � �  � %exp	)� �*
�!

� �, �� 	 an  elementary generic transient  waveform  (atom) whose shape

is set by the (vector) parameter �� � ��,, �-, … , ��.;

Simulating Glitch Noise

[M. Principe and I. Pinto,  Class. Quantum Grav.  25 (2008) 075013]



The resulting stochastic process (generalized shot noise)  has been intro-

duced by David  Middleton [D Middleton  IEEE T-EMC-21 (1979) 209].

Its characteristic functions in additive N(0,/) noise can be computed to

any order [D. Middleton, J. Appl. Phys. 22 (1951) 1143], e.g.
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�� � ∈ Θ � 1 ��� � �� � ; �2� � 

%3��


�4,

[M. Principe and I. Pinto,  Class. Quantum Grav.  25 (2008) 075013]

5 , 6 � exp  Θ exp	)76��� � �; ��
* �8;9
 � 1 � /-6-
2

Its PDF is also well approximated by a mixture of (a few) Gaussians with 

zero mean and  different standard deviations.

A Glitchy Noise Model
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A Glitchy Noise Model, contd.

[M. Principe and I. Pinto,  Class. Quantum Grav.  25 (2008) 075013]
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A Glitchy Noise Model, contd.

Robust algorithms for the detection of unmodeled GW transients in a network of

(non-colocated) interferomers affected by glitchy noise have been discussed in

[M. Principe and I. Pinto,  LIGO-P1000134; expanded version subm. to PRD, 2014]

Based on robust implementations of the locally optimum network likelihood ratio. 
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Improvement over LC
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Roadmap
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Enthomology

Enthomology:  the study  and 

understanding (Greek: λογία)  

of the insects (Greek: ἔντομοι), 

literally  “entities that consist

of  (several)  parts”  
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Glitch Enthomology Goals

Shedding light on the fine-structure of noise glitches, in prep-

aration of their classification

Identifying multi-component glitches, and isolating their con-

stituents, so as to (hopefully) check back their physical origin;

etc (see roadmap) …1
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TF Representation Tools
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TF Representation Tools, contd.

Atomic   Decompositions

[A. Altheimer, LIGO G0900045; M. Princip, CQG 26 (2009) 045003 ,

N. Cornish and T. Littenbergh LIGO-P1000084]

Hilbert-Huang Transform  

[A. Stroer et al., Class. Quantum Grav. 28 (2011) 155001;

Phys. Rev.  D79 (2009) 124022]
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Multi Component Signals
Signals can be “decomposed”,  in principle, in an infinite number 

of ways into a  finite or  infinite number of  “components”. 

Meaningful definitions should identify  multi-component signals

such that their components  have  different physical origins.

Time frequency distributions  suggest  an operational, intrinsic

definition of a  N-component  signal  as  a signal whose effect-

ive TF support  consists  of  N  disjoint  compact  sets. 

time

fr
e

q
u

e
n

cy

;,-

Note : by effective TF support here,

we mean  (following Bedrosian) the

TF region where the signal energy

exceeds the floor level due to mea-

surement noise or representation 

accuracy. 

<= � <>
?=>

@ =
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Linear TF representations

time

fr
e
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u

e
n

cy
Short Time Fourier Wavelet Q-Transform

QT  became a std tool  in GW data analysis (Qscan, Omega and 

Omicron LIGO-Virgo pipelines).  QT can be regarded as template 

bank (in the whitened signal manifold), consisting of sine-Gauss-

ians with different center time �A, center frequency BA, and qua-

lity factors  Q.  Typically,  Q	∈ (4, 64) and BA ∈ (102 ,103) Hz.  
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The Q-Transform

[J.C. Brown, JASA 89 (1991)  425 , J. C. Brown and M. S. Puckette, JASA  92 (1992) 2698.]

[S. Chatterji et al., Class. Quantum Grav.  21 (2004) S1809]

Project  signal  into time-shifted, time-windowed-sinusoids , whose time-

widths are inversely proportional to their center frequencies.

,

Efficient computation in terms of D(W)FT, 

time

frequency
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Wigner-Ville Transform

Features the uniformly highest TF  localization among all unitary  (energy-

preserving,  aka  Cohen-class)  transforms 

• linear chirps,  B � BA � C�;

• Gabor (SG) atoms :  

where:

Hilbert transformanalytic mate of  x(t)

D � � E	FG! � � �A
H�

-
I#D Ω � � �A

In view of its bilinear nature, the WVT is plagued by intermodulation ar-

tifacts, except for two very special cases:

,



I.M. Pinto,  February 17, 2015

Glitchology: an Elementary Perspective

WVT Artifacts

Time [scaled units]
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Getting Rid of WVT Artifacts

; P. Addesso

et al.,  LIGO-P1200170]  
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TF Skeleton from WVT

[P. Addesso et al., LIGO-P1200170; expanded version subm. to PRD (2015)]
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Atomic Decomposition
Attempts to decompose  a signal into   TF  “blobs”  (TF atoms)   

Simplest choice:  Gabor  (sine-Gaussian)  atoms

(5 free parameters)

[J.M. Bastiaans, Proc. IEEE  68 (1980) 538]
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Atomic Decomposition, contd.

[A. Fusco, work in progress, 2014]
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AD Dark Energy Problem
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Hilbert-Huang Transform

2

Step 3 - Encode signal into a set of ridges (1D-TF features) :  KK� D � 1L� � H)M � M���
*
�

�4,

[N. Huang, Proc. Roy. Soc. A554 (1998) 903]
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Dark Energy in EMD
Huang empirical modes (original waveform in cyan)
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Other HHT Issues

.

iii

[N. Stevenson et al., IET Signal Proc. 4 (2010) 447]

[P. Flandrin, IEEE T-SP IEEE Trans. Signal Proc. 56 (2008) 85 ]

ii)
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Gabor Molecule

QT vs WVT vs CS-WVT vs HHT
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QT vs WVT vs CS-WVT vs HHT, contd.
Gabor Molecule (beat)

HHT is fooled

by the beat !!



I.M. Pinto,  February 17, 2015

Glitchology: an Elementary Perspective

A Multi Component Glitch (LIGO, S5)

more in  [V. Pierro et al., Ligo-T1300598]
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A Nonlinear (GEO 600) Glitch
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Page Test for Glitch Detection
(CUSUM change detection test)
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Page Test - from N(0, N) to N(0, =)
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Page Test, contd.
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Page Test Sample Output
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Disturbances
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GW Interferometer as MIMO

outputsinputs

“GW” channel

“AUX” channels

GW

Disturbance

entry ports

IFO
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Linear MIMO I/O Description

In frequency 

(Fourier) domain: 

O,�M
O-�M
…
O��M


�
K,,�M
 K,-�M
K-,�M
 K--�M
 … K,P�M
K-P�M


…
K�,�M
 K�-�M
 … K�P�M


 

G,�M
G-�M
…
GP�M


KQR�ω
 =  transfer function between input-port #q  and output-port #p



I.M. Pinto,  February 17, 2015

Glitchology: an Elementary Perspective

Nonlinear Input/Output
Volterra-Wiener series  [M. Schetzen, The Volterra and Wiener Theories 

of Nonlinear Systems, Krieger, (2006)]

… straightforward in principle…

O � � T ;�	U, �; �
V

WV
G � �

�T ;�, 	T ;�-
V

WV
U- �; �,, �-

V

WV
G �, G �- �

�T ;�, 	T ;�-T ;�X
V

WV

V

WV
UX �, �,, �-�X

V

WV
G �, G �- G �X �	…

nonlinear (quadratic, cubic, etc.)

Volterra-Wiener kernels

nonlinear response (quadratic term)

nonlinear response (cubic term)

linear response

linear kernel,  Y Z � [W=	)\ ] *



I.M. Pinto,  February 17, 2015

Glitchology: an Elementary Perspective

Nonlinear Input/Output, contd.

Spectral forms (time-invariant systems)

O � � T ;B	
V

V
K, M ^ M 	FG! 7M� �

�		 T ;B,
V

V
T ;B-
V

V
K- M,, M- ^ M, ^ M- FG! 7 M, � M- � �

� T ;B,
V

V
T ;B-
V

V
T ;BX	KX M,, M-, MX ^ M, ^ M- ^ MX FG! 7 M, � M- � MX �
V

V
�⋯

2D Fourier transform of  Y>�∙


Spectral   Volterra-Wiener kernels

3D Fourier transform of  Ya�∙


b M � 1b c �M

V

c4,
� T ;B,

V

V
T ;B-…
V

V
T ;Bc	Kc M,, … , Mc d^ MQ

c

Q4,
H M � 1MR

c

R4,

V

V

e
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Nonlinear Glitches

A GEO600 “arch” glitch in

TF plot  (courtesy M. Was)

Bi-linear glitch zoo table  (LIGO)
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Mickey-Mouse (Linear) Model

primary

disturbance

(spectrum)

disturbance

as it reaches

IFO entry port # p

O� , � � 1…f

OA

GQ, ! � 1…g

disturbance

as it appears at

IFO output port # k

h ω ^Q ω � LQh ω exp�iω�Q
 b� M � 1K�Q M ^Q�M

P

Q4,
coupling amplitude and delay,

both  essentially  random

you can

estimate  w PEM



b� M � 1K�Q M LQh M exp	�iω�Q

P

Q4,
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Mickey-Mouse Model, contd.

O� , � � 1…f

OA

GQ, ! � 1…g

Disturbance as it appears at IFO output port # k

coupling amplitudes and delays

are unknown  (random)

you can

estimate  from PEM

Generally,   the K�Q�M
 are not available, because the IFO disturbance entry-ports 

are not accessible (and may be even un-identified)
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Simplifying Assumptions

Linearity Volterra-Wiener series

(some formal complications) 

Time-invariance                         wide sense is OK

(but update needed)

“Simple” (amplitude/delay) actual transfer functions 

transfer functions from  pri- can be incorporated in the

mary disturbance to  IFO    KQR
input ports

Many disturbances straightforward 



b� M � 1K�Q M LQexp	�iω�Q

P

Q4,
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Wideband (Short) Disturbances

O� , � � 1…f

OA

GQ, ! � 1…g

Disturbance as it appears at IFO output port # k

O� � � 1LQU�Q � � �Q
P

Q4,
Disturbances appear at IFO output ports  as linear combinations 

(with random amplitudes and delays) of  a finite (M)  number of  

(wide sense)  invariant waveforms,  the  Yjk�Z
.
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Wideband (Short) Glitches

OA � � 1LQUAQ � � �Q
P

Q4,
only �LQ, �Q|	p � 1…g. (amplitudes and  delays) are  different for 

each glitch.

All short glitches in the  GW  data channel are linear superpositions of

the same M functions

bA M � 1KAQ M LQexp	�iω�Q

P

Q4,

If  {	UmQ � 	|	! � 1…g. and/or {	KmQ M 	|	! � 1…g.	were known, 

we could  easily  reconstruct,  and then  cancel  by subtraction any/all

glitches occurring  in the  GW  data  channel.

We call {	UmQ � 	|	! � 1…g. the  proto  (aka, basic) glitches.
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Glitchy GW Data

• focus on  glitchy GW channel  (OA)  data;

• GW  data  containing (only)  short glitches can be written

• Many independent glitchy data  (realizations)  are available

containing putatively   (provided the instrument is stationary

during their collection time)  the same UAQ �

bA M � 1KAQ M 			1LQ� exp 7M�Q� �
�

P

Q4,
1n2QKAQ M
P

Q4,
sum over glitches

bA o M � 1n2Q�o
KAQ M , 		p � 1,2, … , q, 	q ≫ g
P

Q4,
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Glitchy GW Data, contd.
• Many (independent)  glitchy data  (realizations)  available

bA o M � 1n2Q�o
	KAQ M 	, p � 1,2, … , q, 	q ≫ g
P

Q4,
known, measured

unknown  (different s correspond  

to different realization of  the 

random  array   {tu=, tu>,…, tuv}   

unknown, sought unknown a priori

• Do the UAQ��
 proto-glitches form a kind of minimum-redundant

dictionary for  representing  generic glitches ? 

• How many are they/how many do we need ?

• How to extract the {HAQ M 	|	! � 1…g. from glitchy datasets ? 

…Technically,  a BSS - like problem…

Questions
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Glitch Manifold Dimensions
Principal  Component   Analysis (PCA)  may  answer  the question  

“how  many  proto-glitches  are there/how many do we need” .

Specifically, PCA may estimates the 

dimension of the manifold  to which 

glitches  belong.

Independent PCA implementations 

on different (LIGO) glitch datasets

indicate that glitches live in a ~	>N	
dimensional manifold, to within a 

@ 5% energy (L2) error. 

[I.M. Pinto, L. Troiano et al., Int. J. Mod. Phys. C24 (2013) 1350084;

M. Cavaglia and D. Trifiro’, LIGO Document G1300368-v1]
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PCA in a Nutshell
Glitches   are  transient  waveforms with  time - limited support   �,	
sampled at  some frequency  B� .  A glitch  g is thus represented by

a point  g  in  Euclidean  space  y� , f � B��.

Let   Dg = zo|p � 1,2,… , { our  glitch  dataset.

Let  Dg  the N x G  matrix whose  columns  are the 	zs vectors ;

1)  “Standardize”  matrix   Dg,  subtracting from each column its average:

2) Compute covariance matrix  | among standardized column  vectors :

3) Diagonalize 		|, and enumerate the eigenvalues in order of decreasing

(absolute) value.  The  corresponding   ordered  eigenvectors yield the 

PCA basis }s|p � 1,2, … , { .  

~2o� � ~o� � 1 {⁄ 1~o�
�

Σ�� �(zu�, zu�)

[I. T Jolliffe, “Principal Component Analysis,” Springer, 2002]
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PCA in a  Nutshell, contd.

The magnitude  of   the PCA  eigenvalues  

drops  steeply  beyond  a certain  order N*.

Correspondingly,  the glitch energy is fully 

accounted by using  only  the first   N*  

vectors from the PCA basis (addition  of

further terms does  not improve  L2 accu-

racy to any sensible extent).   

Hence,  N*  represents a sort of  effective dimension of the manifold 

spanned by the glitch dataset.

PCA appears as a compressive coding where the vectors (glitches)

zs � �zs�|� � =…�. ∈ ��, s � =…�,	are encoded by the vectors 

�Y � 	zY,	}j j � =…�∗ ∈ ��∗
, Y � =…�,	 with �∗ @ � .



I.M. Pinto,  February 17, 2015

Glitchology: an Elementary Perspective

Glitch Clustering in PC Space

After a glitch dataset 	�zs|s � =…�. has been represented in

a nonredundant (e.g., PCA)  “basis”,  clustering algorithms can 

be used to identify  families  of  similar glitches.

Several glitch clustering algorithms have been proposed/used,

based, e.g., on proximity measures in (coarse)-feature space  

[S. Mukherjee et al., CQG 24 (2007) S701],  longest - common-

subsequences [S. Mukherjee et al., J. Phys. Conf. Ser. 243 (2010) 

012006], Kohonen self-organizing maps [S. Rampone et al., Int. 

J. Mod. Phys. C24 (2013) 1350085], and ANN [S.M. Kim et al., 

LIGO-G1201110]

Clustering  goodness can be gauged using suitable metrics,e.g., 

the Davies-Bouldin (DB)  index [IEEE T-PAMI, 1 (1979) 224]) 
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Clustering Goodness: DB Index

For each cluster, define a measure of concentration (average distance of cluster

members from cluster centroid)

p	 � 	1…f� (f� �	number of clusters)

Lo � centroid of cluster-i
�o � number of members in cluster-i
! � 		2	 (Euclidean distance) usually

, where

Also, define a measure of  cluster-to-cluster separation,

go� � Lo � L� Q
p, �	 � 	1…f�, p � �	 (f� �	number of clusters)

Lo,� � centroid of cluster-i,j
, where

Davies-Bouldin index of clustering goodness  is  : ��� � 1
f�

1max�:��o
�o � ��
go�

��

o4,
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Hints from Glitch Clustering

In many cases, the cluster-centroid 

waveforms  are found to be almost 

coincident with glitches  whose or-

igin is known,  obtained  by “ham-

mering” some specific instrument  

input-port.

This is suggestive that glitch cluster  

centroids  may  correspond to  the   

sought proto-glitches 	Uo A � .

[I.M. Pinto, L. Troiano et al., Int. J. Mod. Phys. C24 (2013) 1350084]
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Beyond PCA

• Arguably,  the  key requirement of  a  “natural”  glitch dictionary

Dπ = }o|p � 1,2, … , � would  be  to  allow   to  represent   each  

glitch in the dataset   Dg = zo|p � 1,2,… , { using  a minimum 

number of  elements  from  Dπ . 

• Let  Dg  the N x G  matrix whose  columns  are the 	zs vectors,

�� the N x P matrix whose columns are the }o vectors, and �� 	the

G x P matrix whose elements are the representation coefficients

��c � z�, }c .	Then,  the above requirement  can be written: 

�p� �� A	subject	to	 ��£ ��� ∙ ��£ - @ ¤
which is , technically,  a  sparse(st)  coding problem.

• The above L0 (constrained) optimization problem is NP-hard, but

under broad assumptions, it  can be transformed into a  convex  L1

optimization problem  [D.L. Donoho et al., PNAS 100 (2003) 2197].
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Sparse Coding

• When the dictionary  is  given in advance, sparse coding  can be 

implemented  via  “pursuit” algorithms, of which several flavors 

exist [D.L. Donoho et al., PNAS 100  (2003) 2197].  

• In our case,  we  would  like to  find out the “best” or  natural  

dictionary as part  of  our  sparse(st)  representation  problem.

• This can be implemented efficiently by  iterative algorithms

that switch  between  sparse - coding (using a given dictionary), 

and adaptive  dictionary -updating (based on clustering) .

• Such algorithms  (known as  k-SVD)  can be regarded as  imple-

menting a  BSS  on the  given  glitch  dataset.

[Kreutz et al., Neural Comp. 15 (2003) 349;   

Aharon et al., IEEE   T-SP 54 (2006) 4311]
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The Best Model of a Cat ?
• It is further arguable  that  the sought  “natural”  dictionaries 

are  closest to the speculated    {hAQ � 	|	! � 1…g. proto 

glitch sets . 

In the words of  Norbert Wiener,  “the best model  for a cat 

is  another cat, or preferably,  the same cat.” 
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Outlook

Glitch Busting

Assembling Glitch Databases

Glitch Enthomology

Glitchy Noise Modeling

A Simple, Physically Driven Model

Proto Glitches, PCA, and Beyond

Ongoing Work
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WiP - Linear Modes
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� �; L, ¦, §, �, M, ¨ �
� L© � � ¦ � � ¦ R ∙
∙ exp	)�� � � ¦ * 	 ∙
∙ cos	)M� � ª* ∙

(6 free parameters, « ∈ ¬)

… the ingredients of the im-

pulse response of LTI systems
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WiP - Mock Data Tests
• Linear modes (and linear combinations thereof)  are the simplest mean-

ingful choice for simulating proto-glitches ;

• Generate  a (finite)  dictionary  of  waveforms Dg = zo|p � 1,2,… , {
from random realizations  of the  shape parameters  (q, �, M, ¨ )  in 

the above  linear modes,  

• Generate  N  > G time series  <� � � 1,2, … , f 	featuring  the abo-

ve dictionary  elements,  with  random  amplitudes (L) and  time-lo-

cations (¦)  (mock glitchy data) .   

• Add  (stationary, white)  Gaussian noise with given variance(s)  to the

above time series.

• Test BSS algorithms’ performance in  retrieving the  the dictionary 

Dg = zo|p � 1,2,… , { from the  mock  data <� � � 1,2,… , f
• Next	step	will	be	to	use	real	�Virgo	VSR4,	LIGO	S5
	data.	
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Conclusions

Thank you for your kind attention and patience!

ありがとうございました
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Next Move is up to You!

Intuition

FormalizationExperiment

Modeling

you are here


