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1 Introduction

To detectunmodeledgravitational wave pulsesBurst Monitor usesalgorithmwhich
searchesloudesteventson time-frequency plane. The wavelet transformis usedto
convert timeseriesak to two-dimensionalarrayof waveletcoef�cients ωi j:

a
�
tk ��� n � 1

∑
i � 0

m � 1

∑
j � 0

ωi jψi j
�
tk ��� k � 0 �	� � nm 
 1��� (1)

�	�
ψi j

��� 2 
 nm � 1

∑
k � 0

ψi j
�
tk ��� 1 � (2)

wherediscretewavelet functionsψi j
�
tk � constitutecompletesystemof basefunctions

for �nite discrete-timesignals. Index i numerateswavelet functionsfrom different
layers(differentscales),index j numeratesfunctionswith differentlocationin time.

Thewavelet functionsarewell localizedin time andeachcanbecharacterizedby
centraltime t̄i j:

t̄i j � nm � 1

∑
k � 0

tk ψ2
i j
�
tk � (3)

For suf�ciently smoothclassof waveletsψi j also have well localizedspectrawith
centralfrequency f̄i independenton timeshift index j:

f̄i � nm � 1

∑
k � 0

fk
�
ψ̂i j

� 2 � fk � (4)

whereψ̂i j arecoef�cients of ψi j Fourierexpansion.
To have thesametimeresolutionfor all waveletlayersBurstMonitor useswavelet

packets which are linear combinationsof common(diadic) wavelet functions. The
appropriatebalancebetweentimeandfrequency resolutionsis achievedusingdifferent
level of wavelet transform. The frequency resolutionfor clusteranalysisandsignal
detectionstagein Burst Monitor canbe setat run time usingoption ” -f � frequency,
Hz � ”.

For theorthogonalwaveletstheParceval identityholds:

nm � 1

∑
k � 0

a2
k � n � 1

∑
i � 0

m � 1

∑
j � 0

ω2
i j (5)

This allows to interpretω2
i j asportionsof signalenergy relatedto thepoint (or pixel)�

t̄ j � f̄i � on time-frequency plane.

2 Algorithm

2.1 Input data conditioning

For thesignalconditioningandanalysisBurstMonitor usesbinary treesymlets.The
orderof wavelet (wavelet �lter length)canbe selectedat run time usingoption ” -w� order � ”.
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To reduceload on computermemoryand CPU the input signal is decimatedto
lowersamplingratespeci�edby option” -rate � frequency, Hz � ”. For themostanaly-
sis thesamplingrate4096Hz is adequate.BurstMonitor usesBiorthogonalwavelets
of �x edorder(32) to performresampling.

The input signal is whitenedby equalizationof energy in frequency bands. The
width of bands(frequency resolution)canbe setby option ” -fw � frequency, Hz � ”.
Varianceσ2

i of wavelet coef�cients at eachwavelet layer representsaveragepower
passingthroughnarrow-band�lter with centralfrequency f̄i (4)

var
�
ωi j ��� σ2

i � 1
m

m � 1

∑
j � 0

ω2
i j (6)

In the absenceof gravitational wave signalσi representsestimatedRMS of noisein
frequency bandassociatedwith layeri. Thewhitenedwaveletseriesω̃i j is obtainedby
dividing coef�cients in layerby correspondingnoiseestimation

ω̃i j � ωi j

σi
(7)

Thevaluesof σi arestoredfor futureusein whiteningof injectionsignal.
To dealwith the noisenonstationaritythe whiteningcanbe performedwith time

strideshorterthen input datastride. The time stride for whiteningcanbe setat run
timeby option” -t � time, sec � ”.

Theresidualtimedependenceof noiseis called”noisevariability”

ν j �
�

1
n

n � 1

∑
i � 0

ω̃2
i j � (8)

Thisquantityis displayedby DMTviewerandstoredin 1-secondtrend�les.
Beforedoingclusteranalysisthesignalis subjectedto inversewavelettransformto

obtainhighertime resolutionin thecostof lower frequency resolution.Thefrequency
resolutionto beusedin analysiscanbesetsetby option” -f � frequency, Hz � ”. Next
stepremovesfrom furtheranalysisthepixelson time-frequency planewhich

�
ω̃i j

�
are

lowerthenspeci�edpercentilelevel. Thisleavesp percentof pixels.Thispixel fraction
canbesetat run timeby option” -p � percent to leave � ”.

The clusteranalysisrevealsgroupsof pixels on timer-frequency plot which size
is larger thennumberNm speci�ed by option ” -mcs Nm”. More clusterselectioncan
beperformedusingthresholdsonotherclusterfeatureslikecumulative”energy” ∑ω̃2

i j
etc.This is not implementedin BurstMonitor yet.

Resultingnumberof clusterNc ontime-frequency planede�nestheaveragecluster
rate

Fc � Nc � T � (9)

whereT is thelengthof datastride.Theclusterratein�uencesthefalsedetectionrate.
In thecaseof stationarynoisetheaverageclusterrateis determinedby pixel fraction
andotherpixel andclusterselectionrules. In the caseof nonstationarynoisecluster
rateshows signi�cant deviationsfrom averagevalue. Theclusterrateis displayedby
DMTviewerandstoredin 1-minutetrend�le.
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To take into accountthatclusterscreatedby noisemayhave averagetime closeto
injectiontime thearrayof clustersaveragetimesis created

tn � ∑�
i � j ��� Cn

t̄i j ω̃2
i j (10)

wheresumis calculatedoverall pixels
�
i � j � includedin clusterCn, t̄i j is acentraltime

(3) for pixel
�
i � j � .

2.2 Waveform conditioning

Beforeenteringinjectionstagethewaveformswhich areinitially time seriesmustbe
subjectedto downsamplingto matchsamplingrate at analysisand detectionstage.
Resampling(whennecessary)performedusingbiorthogonalwavelets.Only powersof
two downsamplingratiosaresupported.

Waveformsφ
�
tk � arenormalizedto haveunit ”energy” E

φ̃
�
tk ��� 1�

E
φ
�
tk � (11)

E � 1
fs

N � 1

∑
k � 0

φ2 � tk ��� (12)

wherefs is thewaveformsamplingrate.If responsefunctionis availablethecalibration
of waveformsis performed,seeexpressionbelow (15).

As Burst Monitor looks for eventson time-frequency planeit is naturalto save
computationtime and preparewaveformsin the form of wavelet seriescoef�cients
wi j beforeenteringinjectionpipeline.Therequiredtransformationlevel is de�ned by
frequency resolutionfor whiteningprocess.

φ̃
�
tk ��� n � 1

∑
i � 0

N � n � 1

∑
j � 0

wi jψi j
�
tk ��� k � 0 �	� � N 
 1��� (13)

Thewaveletcoef�cients wi j areshorterin time (samedurationasoriginal waveform)
thendatastridebut havethesamenumberof waveletlayersasinputsignalatwhitening
stage.This allows reuseof noiseestimatesσi (6). Thewaveformtime seriesmustbe
long enoughto be transformedto level requiredby whitening frequency resolution.
The waveform 1 seclong is goodfor whiteningwith resolution16 Hz if symletsof
order32 areused.If waveformis not long enoughtheBurstMonitor exits with error
messageat initialization.

2.3 Sensitivity calibration

2.3.1 Static calibration

To producevia Burst Monitor the sensitivity in units of strainusermustprovide re-
sponsefunction for interferometerR

�
f � t0 � (strain/counts)measuredat time t0 close

to the time of analysis. By de�nition [5] this function connectsthe interferometer
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responsein ADC channelunitsAS Q
�
f � t0 � andstrainh

�
f � t0 � causedby passinggrav-

itationalwave
h
�
f � t0 ��� R

�
f � t0 � AS Q

�
f � t0 � � (14)

Burst Monitor calculatesreal and imaginarypartsof the inverseresponsefunc-
tion with resolutiondependenton waveform lengthandappliesit to waveform φ in
frequency domain.

φ � � F � 1 � R � 1 � f � t0 � F �
φ ����� (15)

whereφ � is calibratedwaveform,F denotesFouriertransform.
The format of responsefunction is ASCII �le of threecolumns: frequency (Hz),

modulus,phase.The nameof �le containingresponsefunction mustbe suppliedto
BurstMonitor by option” -resp � file name � ”.

2.3.2 Calibration line extraction

For thepurposeof dynamicalcalibrationBurstMonitor hascodewhichmeasuresam-
plitude (RMS) of calibrationline. The frequency of calibrationline canbe setat run
time usingoption ” -cal � frequency, Hz � ”. BurstMonitor usesoneof algorithmsin
objectLineFilter developedfor Line Monitor [2, 3] which calculatesRMS amplitude
of sinusoidalsignalwith known frequency. This algorithmuseshomodyningof in-
put signalwith subsequentintegrationover time interval ∆t. This methodgivesRSS
estimationof calibrationline amplitudeA

A2 � A2
0 � Pnoise ∆ f � (16)

whereA0 is true amplitudeof calibrationline, ∆ f is effective bandwidth,which is
inverseproportionalto the integrationtime in LineFilter, Pnoise is spectraldensityof
noise,which we assumeto be constantin the closevicinity of calibrationline fre-
quency. Theeffectivebandwidthdependsonwindowing functionappliedto thesignal
(∆ f � κ � ∆t). BurstMonitor usesHannwindowing in LineFilteralgorithm.

To estimatequality of obtainedamplitudeBurst Monitor usesanotherLineFilter
with largerbandwidthi.e. with shorterintegrationtime ∆ � t

A � 2 �! A2
0 � Pnoise ∆ � f " � (17)

where  " denotesaveragingoverall inputdatastride∆t, here∆ � f � κ � ∆ � t and∆ � t � ∆t.
Having two amplitudesA andA � it is possibleto estimatetrue line amplitudeA0

andsignalto noiseratio for narrow-band�lter

A0 � A2 
 A � 2 ∆ f
∆ # f

1 
 ∆ f
∆ # f (18)

SNR � A2
0

Pnoise ∆ f � A2
0

A2 
 A2
0

(19)

If calibrationline is speci�edandSNR � 100BurstMonitor outputs”0” to sensitivity
channels(h50).
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2.4 Choosingamplitude of injection

Theamplitudeof injectionmustbechosenaccuratelyenoughto providenear50%de-
tectionprobabilityfor injectedwaveform.BurstMonitor makesinjectionswith differ-
entamplitudesandcalculateamplitudeat50%detectionprobabilityby �tting detection
curve. Totalnumberof trials (measurements)with differentamplitudecanbesetat run
timeby option” -nmes � int � ”. Amplitudesstartingfrom thesecondmeasurementare
chosenwith theaccountof previousdetectionef�ciency measurements.

For the �rst measurementBurstMonitor usessimpleformulato estimatecumula-
tiveSNRφ of waveformφ in thepresenceof noisecharacterizedby valuesof σi (6).

SNRφ � n � 1

∑
i � 0

N � n � 1

∑
j � 0

w2
i j

σ2
i

� (20)

Theamplitudeof the�rst injection(zeroapproximationamplitude)AMPφ � 0 is givenby

AMPφ � 0 � λ$
SNRφ

� (21)

whereλ � 6 is chosenbasedon observations. The valueof λ canbe changedonly
atcompilationtimeby modi�cation of constant”AMP ESTIMATE FACTOR” de�ni-
tion.

Oncewehavemeasurementof detectionef�ciency ε wecanperformone-parameter
�t of detectioncurveby sigmoidfunctionwith �x edexponentγ

ε � 1

1 � � h
h50 � γ � (22)

whereh50 is amplitudeat which ef�ciency reachesthe50%level (ε � 0 � 5). Fromthis
relationwe canobtainapproximatevalueof h50 anduseit asamplitudefor next series
of injections.

h50 � h� 1
ε 
 1� 1

γ
� (23)

Burst Monitor usesγ � 
 6, this value can be set at compilationtime by changing
de�nition of constantSIGM EXP. To avoid problemswith ε equalor too closeto ”1”
or ”0” BurstMonitor limits ε valuesto interval 0.02..0.98.

Having threeor more measurementsit is possibleto usetwo-parameter�t, see
Section2.8

2.5 Injection of waveform

The estimationof detectionef�ciency ε is madeby countingsuccessfullydetected
injectionsanddividing thisnumberto totalnumberof injectionsNt . Theoneof contri-
butionsto errorof thisestimationis thestandarddeviationof binomialdistribution

δεs �
� �

1 
 ε � ε
Nt

(24)
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To obtaindetectionef�ciency with reasonableaccuracy theinjectionprocessmust
be performedmultiple timeswith the sameamplitudeand the sameportion of data
from interferometer. It is possibleto reducecomputationtimesigni�cantly by injecting
several instancesof the samewaveform with sameamplitudeinto the samesample
of signal from interferometer. Multiple injectionswill shift the detectionef�ciency
estimation.Theusercanchoosethenumberof simultaneousinjections(option” -nsim
Ns” ) sothattheshift will besmallenough.On our experiencesimultaneousinjection
of upto 10waveformsamplesinto interval 60seclongleadsto practicallyinsigni�cant
shift.

Thewaveformasmatrixof waveletcoef�cients is addedwith randomshiftsin time
to the larger matrix of sizeequalto the sizeof wavelet coef�cients matrix of input
signal. The resolutionin time shift is inverseproportionalto frequency resolutionat
whiteningstage.

Severalinjectionscombinedin singlelargerarrayaresubjectedto whiteningusing
noiseestimations(6). After reconstructionto lower frequency resolutionby applying
inversewavelet transformthe arraywith injectionsis addedto arrayof input signal
waveletcoef�cients ω̃i j (7).

2.6 Cluster selectionrules

Signalcombinedwith injectionsis subjectedto pixel selectionalgorithmwhich leaves
speci�ed(option” -p”) percentof loudestpixelsontime-frequency plane.Clusteranal-
ysis revealsclustersconsistingof numberof pixels larger thenspeci�ed with option
” -mcs”.

2.7 Detectionof injections

Detectionconsistsof countingnumberof clusterswhich averagetime locationdiffer
from injectiontimenomorethentimegatewidth. Thegatewidth canbesetatruntime
by option” -gate � time gate width in sec � ”.

The the averagetime of clustersgeneratedby noise(10) is also comparedwith
injectiontimes.Thenumbedof coincidencesNnoise is subtractedfrom thenumberof
coincidencesfor signalwith injectionsNt otal.

Detectionef�ciency ε is de�ned as

ε � Ntotal 
 Nnoise

Nin j
(25)

2.8 Estimation of amplitude at 50% detectionef�ciency

BurstMonitor estimatesinjectionamplitudeat 50%ef�ciency by �tting severalmea-
surementsof ef�ciency for different injection amplitudes.The numberof this mea-
surementscanbesetat run time by option ” -nmes Nmes”. Fromour exprerienceit is
enough5 measurementswith 50-100injectionspermeasurement.

Usingnew variablesx andy thesigmoid(22)canbelinearized

y � γ
�
x 
 x0 ��� (26)
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x � ln
�
h ��� y � ln

� 1
ε 
 1�

wherewe have the sameparameterγ which becamelinear slopeandnew parameter
x0 � ln

�
h50� .

UsingstandardLeastSquareFit formulafor slopewecanobtain:

γ � ∑
�
xi � x̄ � � yi � ȳ �

∑
�
xi � x̄ � � xi � x̄ � � (27)

x̄ � 1
Nmes

∑xi � ȳ � 1
Nmes

∑yi

As thebest�t line passesthroughthepoint
�
x̄ � ȳ �

x0 � x̄ 
 ȳ
γ

(28)

The interferometersensitivity expressedasamplitudeof burst at 50% detectionef�-
ciency is:

h50 � exp
�
x0 � � (29)

3 Burst Monitor description

3.1 Command line parametersand con�guration �le

BurstMonitor commandline options:

-c � channelname� : channelnameis mandatoryOnly onechannelname
is permitted.

-i � input con�g �le � : The Burst Monitor con�guration �le All options
except-i, -in�le, -inlist canbeusedto build entry(oneperline) in the�le.

For example,
-c L1:LSC-AS Q // channelname
-lock L1:Both armslocked // whenbothL1 armslocked
-T 60 // stride32sec
-r 64. // resolution64Hz
-p 1. // pixel fraction1%
-j sgauss235q9.txt // input waveformfrom �le

-lock � lock condition� : Processdataonly if all speci�edlock conditions
aresatis�ed.

For example:
H2:Both armslocked
H1:Modecleanerlocked
L1:X arm locked

-T � time stride (sec)� [60]: Length of time seriesrequestedby Burst
Monitor

-t � whitening interval � (sec)[15]: datais consideredto be stationary.
Usedto estimateandapproximatenoiselevel
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-f � frequency resolution(Hz) � : de�nes frequency scaleresolution,for
clusteranalysis[64]

-fw � whiteningfrequency resolution(Hz) � [8]

-rate � processingsamplingrate(Hz) � [8192.]:

-p � pixel fraction� , % [1]: Fractionof pixels,which passthepercentile
selection

-mcs � minimumclustersize� , [1]: only clusterswith biggersizewill be
takeninto analysis

-v � printoutverbositylevel � [0]

-w � lengthof wavelet�lter � [32]

-gate � coincidencetime gate,sec� [0.02]

-d � name� : �le nameto dumpsummary

-in�le � frame�le � : If -in�le is speci�ed,theBurstMonitor will process
datafrom theinput frame�le

-inlist � �le name� : If -inlist is speci�ed, theBurstMonitor will process
datafrom theframe�les listedin �le � �le name�
-s � lengthof theDMTVIEWER history� length=[720]

-b � lengthof theBurstMonitor buffer � [2 sec]

-suf�x � suf�x addedto BurstMonitor name�
-j � waveform�le name� , mandatory

-maxerr � maximumerrorfor h50,% � [20]

-nsim � int � , numberof simultaneousinjectionspertimestride[10]

-ncycle � int � , numberof repetitionsof injectioncycleswith sameampli-
tude[10]

-nmes� int � , numberof measurementsof ef�ciency [5]

-cal � frequency � , calibrationline frequency, Hz [0]

-resp � response�le � , getresponsefunctionfrom �le

Burst Monitor can readall parametersfrom con�guration �le except options” -
infile” and” -inlist” which specify input datasourceandparsedby DMT. The name
of con�guration �le canbe speci�ed by commandline option ” -i”, for example,” -i
test.cf”, wherecontentof test.cfis:

-c H1:LSC-AS_Q // IFO channel name
-v 10 // verbosity level, 10 is maximum
-T 60 // input data stride, 60 seconds
-t 15. // time stride for whitening, 15 seconds
-p 1. // pixel fraction
-rate 8192.; // sample rate for data processing, Hz
-f 64 // frequency resolution for analysis, Hz
-fw 16 // frequency resolution for whitening, Hz
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-mcs 1 // min cluster size
-gate 0.02 // time gate for coincidence, sec
-nsim 10 // number of simultaneous injections
-ncycles 10 // number of injection cycles
-nmes 5 // number of measurements
-s 720 // dmtviewer history length,

// 720 mean 12 hours using 1 min stride
-b 2. // data padding length is 2 seconds
-w 32 // wavelet filter length
-j sgauss555q9.txt // read waveform #0 from file
-j sgauss235q9.txt // read waveform #1 from file

Example:

./burstMon -i test.cf -inlist list128

3.2 Input

3.2.1 Data input

BurstMonitor takesdatafrom thesingleinterferometerchannel.Thenameof channel
mustbespeci�edwith option-c, e.g. -c H1:LSC-AS Q. Input dataratemustbeequal
or higherthenBurstMonitor processingratespeci�edwith option” -rate”. If inputrate
is higherthenprocessingratethendatawill bedecimatedusingbiorthogonalwavelets.
Only powersof two decimationratiosaresupported.DMT canserve datato Burst
Monitor from next datasources:

% input from singleframe�le, option -in�le, e.g. -in�le HL-AS Q1-730522113-
640.gwf

% input from list of frame�les, option-inlist, e.g.-inlist list128

% on-linedata,neither-in�le nor -inlist optionsareused

Hereis exampleof list of frame�les:

../frames/H-AS1-729336752-16.gwf

../frames/H-AS1-729336768-16.gwf

../frames/H-AS1-729336784-16.gwf

../frames/H-AS1-729336800-16.gwf

../frames/H-AS1-729336816-16.gwf

../frames/H-AS1-729336832-16.gwf

../frames/H-AS1-729336848-16.gwf

../frames/H-AS1-729336864-16.gwf

3.2.2 Waveform input

Burst Monitor readswaveform astime seriesfrom ASCII �le suppliedby user. The
nameof �le with waveformmustbespeci�edusingoption” -j”, e.g.” -j sinegauss.txt”.
BurstMonitor is capableto inject severalwaveformsat thesametime,but injectionof
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many waveformsmayshift h50 estimatessigni�cantly. At leastonewaveformmustbe
suppliedto BurstMonitor.

As waveformaresubjectedto wavelet transformit mustbe long enoughto bede-
composedup to level usedfor whitening. Paddingby zeroesmustbe doneto make
waveformtimeserieslongenough.For example,1 secondlengthis enoughfor whiten-
ingwith resolution16Hzwith theuseof symletsof order32. Lowerresolutionrequires
longerwaveform. Burst Monitor exits with error if waveform doesn't meetrequire-
ments.On theotherhandwaveformmustbeshortcomparedto datastride.

Waveform �le may have headerat the beginning. Eachline in headermuststart
from '#' symbol.Keywords-rate,-size,-peakand-namecanbeusedto specifysam-
pling rate(in Hz, default is 16384),numberof samples(default is 1 secx rate),time
of waveformpeak(middleof theseriesby default) andwaveformnamewhich will be
usedaspartof trendname.Onekeyword per line permittedonly. Linesstartingwith
'#' withoutkeywordswill beignored.Datapartof waveform�le consistsof lineswith
one�oating pointvalueperline. Waveformwith samplingratehigherthanprocessing
ratewill be decimatedby Burst Monitor. All waveformswill be normalizedbefore
enteringinjectionpipeline,see(11)

Exampleof waveform�le:

# Sine-Gaussian waveform: frequency=555 Hz,
# duration =0.0036 sec, Q=8.8768801
# -size 8192
# -rate 16384
# -peak 0.25
# -name sg555q9
0
0
...
0.037056524
0.061891414
0.086177271
0.10860555
0.12783429
0.14255668
0.15157442
0.1538721
0.1486887
0.1355819
0.11448104
0.085724742
0.050079724
...
0
0
0
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3.2.3 Response function

The format of responsefunction is ASCII �le with threecolumns: frequency (Hz),
modulus,phase.The nameof �le containingresponsefunction mustbe suppliedto
BurstMonitor by option” -resp � file name � ”. BurstMonitor will resampleresponse
functionto resolutionrequiredby calibrationprocedure.

3.3 Output

Burst Monitor usesDMT facilities to createoutput trendsof 1-minutetype. Oneof
trendsrepresentscurrentrateof clusterson time-frequency planewhich passedselec-
tion cuts.For eachwaveformthereis atrendshowing currentinterferometersensitivity
expressedash50 in ADC units.After takinginto accountcalibrationthesechannelwill
show sensitivity in strain.

Trendchannelnames:

% <channel name>_cluster_rate, e.g.
H1:LSC-AS_Q_cluster_rate

- clusterratepersecond

% <channel name>_nvar

- noise RMS variability after whitening, shows short-timenonstationarityof
noise

% <ifo>_<waveform name>, e.g. H1_sg235q9_h50

- h50for speci�c waveformin ADC unitsor strain

% <channel name>_calAmp

- calibrationline RMS amplitude,if calibrationline frequency is suppliedby
option” -cal”

% <channel name>_calAmpSNR

- calibrationline SNR,if calibrationline frequency is suppliedby option” -cal”

Additional suf�x for trend�le namesmay be setusingoption ” -suffix” on com-
mandline or in con�guration�le. Waveformnamemaybesetby usingoption” -name”
in headerof waveform�le. If thereis nonamespeci�edthe�le namecontainingwave-
form without leadingpathandtrailing suf�x will beusedaswaveformname.

Output trend �les are written to the directory speci�ed in environmentvariable
”DMTRENDOUT”.

DMT Viewer servername:

BurstMon_<channel name>_<suffix>

Historynames:

% <ifo> cluster rate per sec,
e.g. H1 cluster rate per sec
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% <ifo> noise variability,
e.g. H1 noise variability

% <ifo>_<waveform name> h50,
e.g. H1_sg235q9 h50

% <ifo>_<waveform name> h50 error %,
e.g. H1_sg235q9 h50 error %

% <ifo> calibration line amplitude (ADC units)

% <ifo> calibration line SNR

Examplesof BurstMonitor outputtrendsplottedby DMTviewerareshown onFigures
4-2.
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Figure1: Interferometersensitivity h50

Figure2: Clusterrate
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Figure3: Calibrationline amplitude

Figure4: Calibrationline SNR
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