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1 Intr oduction

Recogiizing linesin theamplitude spedral dersity * andmeasumg their chaactersticsmaygive usoneof
basic for detecor chacterzationandhelp usimprove its sensiivity.

In the amplitude spectral densty, geneally one could seevarious spices of lines ultra thin lines, thin
lines broadlines,drifting linesin frequeny with time. They aresomeimesisolatedandsometmescrovd
togeher

Theselines areoften easilyfound by visud inspectionandthusit is an optimal methal to useeyesto
deted thelines. It is notagoodideain along run, however, if there arehundedsof lines andtensof chan
nels. Moreover, the resuts obtdaned by visud inspection, espe@lly measurementsof lines chaacterstics,
possbly depem on humanstatts.

A suitableautanatedlines detecton codeon computes runsmuchmorequickly anda clearly defined
proceduregivesusunambiguois measuementof thelineschaiacterstics. We canlook into variouschamels
anddetecthundedsof lines within affordabletime andalsowe canimplemen the methal into a online
monita. It is interestingto have a online monitor which detectslines in the chamels, sincethe statusof
the detecor changessecand by seondandit is possible thatwe fail to notice mary linesappearingwhich
mightindicateabrormalitiesof the detector and/a ervironmert andtherea®n of them.

A problem asseiatedwith aubbmationis thatit is difficult to reaize criteria for recoqizing a line
optimizedfor all the chanrelsandary time chunks. This prodem is relatedwith a definition of a line and
noise floor (coninuous part of the amplitude spectal densiy. A coninuous spedrum in the astrofhysicad
conext). Let usshav someexample Giventhattherearemary “lin es”ona“bump”. Thenwe sometimes
saythatthereis awide broad line with mary notchesonit, or we saythatthe bumpdefinesanoisefloor and
therearemary linesonit. For othe exampk, if thereis adrifting line in the data,thenis it possiblefor the
codeto recaynizeit asaoneline ? Noticethattheextentof drift parly dependsontime streich thatwe take.

Thereseemsho perfectly satisfying solution of the abaove prodem for all our purposes sincethe defini-
tion of aline andnoise floor depem on thevery purpcse: which frequency bandis interesting whatkind of
lineswe needto know, andsoon.

Herewe propsean autanatedlines detection algarithm which providesseveral paraméerswhich can
befreely tuned for various purpases.Also we repot resuls obtanedby the appication of our algaithm to
Janary dataof GEO 600 (the channelis GL: h) andthe S1 run data. Our pumposehereis to detect lines
and measue charateridics through all the chamelsand malke a datdbaseof the resuls for later detector
charaterizationandgravitational wave seach purposes.The preseat resuts arecollectedinto a MySQL[1]
datalaseontheweb[Z: "freq_dat a" of “frequendes” on
http://info.geo600. uni - hannover. de/ frequenci es/ phpMyAdm n-2. 2. 0/ .

We would like to notice thatour algorithm is robust in the foll owing serse. We definea noisefloor to
deted linesandmeasureher amplitudesetc.,however, the noisefloor itself is calaulatedby theamplitude
spedral densty andshauld follow it. Soif the noisefloor tightly follows the original amplitude spedral
densgty, we could notdetect linesefficiently. By using running median3, 4] (seealso,[5]), we succasfully
congruct a robust noise floor which doesnot follow precsely the original spedral dersity at frequencies
wheretherearelines Also we have usedarunning quatile to definearobust criterion for line recognition.

We have corfirmedthattheanalyzedchanrels,thelinesdete¢edby our code arealmostalwaysseerby
quick visud inspedion. Throudh our experienceswe have found that oncea chamel andtime stretd are
choen, our codewith somesuitably (but not severely) chose setsof free paraneterscandetect almostall
kind of linesefficiently.

We shallexplain our methodin detal in Sec.3. Theresulsarefound in thesection 4 andappemlicesA,
andB. We mentionthe andysis resut onthe S1datin Sec.4.2. Thedefinition of various quartities used

1The amplitudespectradensityis calledlinearspectradensityin Ref[6].
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in themethal is explainedin Sec.7.

2 Implementation

Our autanatedline detection code hasbeenwritten with MatLab[7]. The requred toolboxes are Signal
Procesmg Toolbax and Statisti@l Toolbox Useis madeof the GEO-Tools[§ to loadtime series of data,
calibrationinformation from the datasener.

A onlinemonitor hasbeenbeing developedin theframewvork of GEO++[9].

3 Method

3.1 Overview and freeparamter

In avisual inspectian, we recaynizea potion of the amplituce spedral densty over somebinsasaline if it
is well abore thelocal stancrddeviation arourd the noisefloor atthe binsconerned

Thus, the bast ideaof the methodis asfollows. First we estimae the amplitude spectal densty of
the data,thenestmatethe noise floor by using running mediah3]. Next we estmatethe runnng stancrd
deviation by using running interquartile-rarges. Thenwe detect those lines that are above the standrd
deviation time somepositive numbeywhich is oneof thefree parameterof the preentmethal. Finally the
analysisresuls arecollectedon aMySQL[1] datalaseavailable ontheweb[Z.

Therearefour important free parameersin our algoiithm.
(1) bl ocksi ze_fi ne overwhichtheamplitudespectal densty is smootled.
(2) bl ocksi ze_coar se overwhichtherunning medianandrunning quariles arecalaulated.
(3)t hr eshol d_br oad: thresholdfor detecting broal line canddates A postive number
(4)t hr eshol d_t hi n: threslold for detecing lines A posiivenumbe largerthant hr eshol d_br oad.

In geneal, broadlineshave notclesonthem. To avoid to detect suchnotcles,we smooththeamplitude
spedral densty using running mediancalaulatedover bl ocksi ze_fi ne andcompae the noise floor
with the smootledamplitudespectal dersity whenwe try to detect broad lines. So,
bl ocksi ze_f i ne shaild besmallenowh to follow therough featue of theamplitudespectal dersity.

We estimatethe noise floor andrunning stardard deviation by usingthe running medianandrunning
quatilescalcubtedoverbl ocksi ze_coar se. Thus,bl ocksi ze_coar se shoutl belarge enoudn not
to follow theamplitude spectal dersity precselyandsmallenaighto give the robust estmateof the noise
floor andrunning standird deviation. If bl ocksi ze_coar se is setto betoo large, andif theamplitude
spedral dersity hasa corvex form, thenwe would deted very broadbumps.

Thenif the smoothé amplitudespectral dersity over somebins exceeda criterionline definel by (the
noise floor) plus(t hr eshol d_br oad timestheestimatd stardarddeviation), it is abroadline canddate.
Sincewe usethe smoothe amplitude spedral densiy, we canavoid to detect notcteson a line. However,
it is possble to detecta broad bump mistalenly which is not a line. Thuswe compae the amplitude
spedral densty with anahercriterion line definedby (the noise floor) plus(t hr eshol d_t hi n timesthe
estimaedstardarddeviation). Wethendetectisolaedthin linesaswell asthebroad lineswhichhaveenaugh
amplitudeto belines. Therefae, thet hr eshol d_t hi n hasto belargerthant hr eshol d_br oad.

3.2 Stepby stepdescription

Herefran we shal explain stepby stepour methodon automaic line detecton andmeasuementof their
charateridics. The choice of free parametersexplainedabore will be shavn in Sec.4.
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1. Loadfrom aframeseneranSecconinuouws seconisworthtime seriedaia of achannelwhich stars
atstart _tine.

2. DC (andtrend)would beremovedif neessary

Noticethatin GEOdata, if we do notremaove DC, DC hasrelatively enormos amplitude compare
with the other partin the amplitude spedral densty. Also the amplitude spectal densty often has
relatively large amplitude at low frequences. Sincewe estimae the amplitude spectal dersity using
windowfunctionsto solve a probdem causeé by thefinitenessanddisaetesamplig of thetime series
datd6], thereshauld be power (or amplituce) leakageinto the neighooring frequencies (bins). There-
fore, if thedynamicalrange of the spectral dendty is large asmay be the casedueto DC, caremust
betakento keepsucha powerleakagefrom maskingthetrue spectral densty featues.Useawindow
function which haslow sidelde[d, if neessary

3. Choo® afrequencyresdution, fr. Notearelationship

fro= (1)

where f; is a samplng frequeng/ of the time seriesand IV is the lengh of the discrete Fourier
transform[q].

4. Estimatean amplitude spectrd density, Asd(f), from the time seriesdata. Notice that Asd(f) is
calledthe linear spectral densiy (LSD) in Ref. [6]. We have used“Welchés methodof averadng
modifiedperiodogam”[1Q].

5. CalcubteENBW (= effective noisebandwidth, see[6]). The ENBW depemls only on the window
function andthefrequeng resoluion. Seealso?7.

Noticethatwe needENBW to calaulatethe amplitude of thelines. Note the following equatons.

PS = ENBW .PSD, )
AS = VPS, 3)

wherePSand PSD stard for the power spectum andthe power spedral densty respetively. AS
derotestheamplituce spectum, alsocalledlinearspectrum.

6. Calibratetheamplitude sped¢rum densty, if necesary The calibrationinformationis available from
the framedataitself. Thenif only eitherwhiting filter or sydemfilter is available, we multiply the
absdute value of it by the amplitude spectal densty to achieve the calibration. If both of thefilters
areavailable, thenwe multiply the absdute values of thefilters andthenmultiply it by theamplitude
spedral densty to obtaincalibratedamplitude spedral densiy.

Notice that somecalibration functions are not reliabde within somefrequency band. So we recod
only thelines within thefrequeng/ bandwherethe calibrationinformationis valid.

7. Calculaterunningmedianoverbl ocksi ze_fi ne,wecallitr unni ng_nedi an_f i ne fromnow
on.Bl ocksi ze_f i ne is afreeparaneterof the preentalgorithm. This givessmoothedAsd with
which we detect broadline featuesin Asd. Bl ocksi ze_f i ne nealsto betunedto make surethat
ther unni ng_nedi an_f i ne shoud follow Asdwhile smearsutthe notchesontheoriginal Asd.
Thusthe choice of thefree paraneterbl ocksi ze_f i ne dependson whatkind of broal linesone
is concenedabou, or morespeifically, how broad thelineswhich shoud be detecedare.
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8.

10.

11.

Calcuhbte runring medianover bl ocksi ze_coar se. Bl ocksi ze_coar se is a free param-
eter of the presen algarithm. We call it runni ng_nedi an_coar se from now on. We take
Runni ng_medi an_coar se asa estimabr of a noise floor of Asd. In otherwordswe define
noisefloor of Asdby noisefloor =r unni ng_nedi an_coar se. We compae thenoisefloor with
theoriginal Asd andsmoothedAsd to detedc lines

Bl ocksi ze_coar se needto be tuned to make surethat the noise floor “roughly” follows the
original Asd. If noisefloor follows the Asd precigly, we would only detect small notchesbut miss
promirentbroadlines. While if noisefloor doesnotfollow the Asd, we would detect fictionslines.

e Noteon the step8: It is possble thatbl ocksi ze_coar se is taken sowide thatthereare
too mary datapoints within the blocksize andwe may needtoo muchmemoryto compue a
running median In thatcasewe have resanpledoriginal Asd at, say every coarsing factor
bins calaulatear unni ng_mnedi an_coar se of resampkd Asd, thenlineaty interpolateto
obtan runni ng_nedi an_coar se atall of the bins The coardng factor is a (technical)
free paraneter

. Calcuhtefirst andthird running quariles over bl ocksi ze_coar se. Thenthe estimded running

stardarddeviation ati-th bin (i:positive integer) is givenby
erstd; = (¢3; — ql;)/1.34, (4)

whereerstd;, ¢3;, and ¢l; arethe estimated running standard deviation at i-th bin, the third
quartile at i-th bin, andthefirst quartile ati-th bin. Thefactor1.34 is from the caseof normaldis-
tribution. (Overal constantfactoris notimportart aryway, sinee we multiply the estimated running
standard deviation. by a constantnumbe (threshold).)

In abore stepswe explainedthe quartities to beneecekdin the presat algaithm andhow to calcdate
them.Now we shallexplain how to dete¢ linesin thefoll owing few stefs.

With the amplitude spedral dersity (Asd) in hand,supmsethat we look into Asd from the lower
frequengy to highea frequency bin by bin. At thei-th bin, examinea criterion definedas

rmf; > rmc; + thrb x erstd; 5)

wherermf;, rmc;, andersted; arer unni ng_medi an_f i ne at the i-th bin,

runni ng_medi an_coar se at the i-th bin, andestimated running standard deviation at the
i-th bin. The index i runsfrom 0 to 4,,,, Which correpondsto the highest frequent/ (0 =
N/2 whereN is the lengh of the DFT). thrb is a postive consant (over whole frequency range
numbe andderotest hr eshol d_br oad. Thr eshol d_br oad is afree paraneterof the present
algarithm.

If theequaton (5) holds thereis aline candidateatthei-th bin. Registerthebin. Now we stopatthe
i-th bin.

Now, Move to the next bins. ExaminEq. (5) at eachbin. Thensupposethat consgcutive bins (the
i+1,i+2,... j -th bins) areregisteredin the above step(while the (i-1)-the bin andthe (j+1)-th bin are
notregistered) Thenthesebinstogeherform abroal line canddate Examineaequation

Asdy, > rmey + thrt X erstdy, (6)

where Asd,, andrmcy, areoriginal Asd at the k-th bin andr unni ng_nedi an_coar se at the
k-th bin (NotethatTheindex k € {i,i + 1,..., j}). thrt is apostive congant(over wholefrequeng
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12.

13.

14.

15.

range) numbe anddenoest hr eshol d_t hi n. Now if the equaion (6) holds at leag at onebin
with its index k£ € {i,7 + 1, ..., j}, thenthe setof the consecutie bins togetheris defired to form
onebrod line. Calculde the charateridics of the broadlines, e.g.,cental frequeng of the line,
bardwidth, full width half maximum,sigral to noiseratio, root meansquae amplitude, andso on.
Seethetablein Sec.4.2 for the quartities which we have recaded.

Quit theopeaationfor the setof binsandmove to (j+2)-th bin andexaminethe step10.

Onthecortrary, supmsethatin thestepl0thei-th binis registeredbut the(i-1)-th bin andthe (i+1)-th
bin arenot. ExamineEq. (6)

Asd; > rme; + thrt x erstd;. (7

If this equaion holds, thenthereis anisolatedline atthei-th bin. Registe the frequency at the bin,
calaulatethe line chamcterstics, e.g.,signal to noiseratio, root meansquare amplitude, andso on.
Thenmove to the (i+2)-th bin andexamine thestepl10.

Onthecontrary again supmsethati-th bin is not registeredin the step10, (andassune thatneithe
(i-1)-th bin nor (i+1)-th bin is not registaed). ExamineEq. (6)

Asd; > rme; + thrt x erstd;. (8)

If this equaion holds, thenthereis anisolatedline atthei-th bin. Registe the frequency atthe bin,
calaulatethe line chamacterstics, e.g., signal to noiseratio, root meansquare amplitude, and so on.
Thenmove to the (i+2)-th bin andexamine the step10.

Noteonthestesfrom10to 13.

e NoteonthestepslOand11: Weinterd to deted¢ broad lines with thes stefs. In thesestefs, we
have usedr unni ng_medi an_f i ne instead of the original Asd. Thereasm is asfollows.
Broadlinesin theoriginal Asd have oftennotclesandour codesomeimes(frequeng/ depead-
ingonthet hr eshol d_br oad) detect mary thin linesaswell asnotchesanddo notrecogize
broa lines onwhich thin linesandnotcleslive. Thento find a cadus (a broa line with mary
notchesonit) notasabunch of spinesbut asa cactusit is foundto be helpfu to usesmooted
Asd insteal of theoriginal Asd.

e Noteonthestes 10 and 11: Sincebroadlines someimeshave relatively smallamplitude,we
have sett hr eshol d_br oad relaively smallnumbe. This givesus notonly broadlines but
alsoa bump. Thenthecriterion equaion (6) in the stepl11 helpsusselectbroadlinesonly.

e Noteonthestepl3. In geneal, it is possilbe that Eq. (8) holds while Eq. (5) doesnot. This
occuswhenrmf; >> Asd,.

Make adatdase
Thechaactersticsof thedetectedlinesarecollectedinto the MySQL[1] datalase.

4 Result

We have analyzedcalibrateddatafor the Januay data(GL: h). andthe S1data(calibratabk channelsand
Gl: DER_H HP- EP) to investigatethe physially meanindul size of the line amplituces. Herewe shal
shaw ourresuls. In theanalyaiswe have usedMatLab 6.1 on machine with dud xeonl.7 GHzand1 GB
memory
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4.1 Application to the January data

The analysis resulton the G1:h chanrel Janwary datais summarizd here. Also we shav a list of lines
datalaseandthe grapls of thelinesin theappemlicesA andB.

1. setings
Channel starttime in GPS(seq stat timein UTC
Gl:h 694870M 11-Jan-20@ 23:2947
time stretch(sec) window overlap (%)
60 Hannirg 50
fr (Hz) DC removal calibration
0.1 done done

In the G1: h Janary datg we have removed DC with high pas butterworhtfilter. (We have usedthe
5th orde highpassbutterworth with 10 Hz cutoff andfiltfilt function of MatLah)

Thehanning window with 50% overlap hasbeenused Thuswe make Fouriertrarsformover1/ fr
secadstime chunks of thedatawhich has50 %overlaponthe nearsttwo chunks andtake anaverage
of the Fourier transformsof all the churks in the nSecsecomdsworth data (Seethestepl in Sec.
3.2)

If onewantsto measureamplitudesof lines predsely, the HFTxx andHFTxxD windowsshoud be
implemertedin thecode[6].

We have usedMatLab pweldh function. Noticethatit givesa power spectal densty. Take a squae
root of the power spectral densty to obtainanamplitudespectal densty.

2. Theeffective noise bandwidth is 0.15Hz.

3. freeparaneters

bl ocksi ze_fi ne (Hz) bl ocksi ze_coarse (Hz) coarsng factor

32 1 8
t hreshol d_br oad threshol d_thin
6 4

For Jaruarydata(GL: h), we sav lots of lineswhich have abaut 1 Hz bardwidthandhave multi-thorns
judging by visualinspection. Thuswe have setbl ocksi ze _fine = 1Hz.

In G1:h Janary data, it seemsthat somebroad lines have width of 10 Hz or so. We have set
bl ocksi ze_coar se 32 Hzto dete¢ sud broadlines. Thoudh we have notexperimentedt seems
betierto useblocksizeof smallerthan50 Hz. If wetook, the power lineswould affect the noise floor

twice.

We have setcoarsing factor = 8. The so-cdculatedr unni ng_rnedi an_coar se seemdo give a
godd estimaton of noisefloor (atleastjudging by visual inspection).

We have sett hr eshol d_t hi n 6 to detect100 Hz line andsomelines found by quick visual in-
spedion.
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4. In the current settirgs and choice of free paraneters,it takes 9 secomls on average. To calcuate
quatiles, it takes lessthan0.2semnds.

Whenwe setthe frequeny resdution finer, say 1/128H z, thenthe numkber of datapoints contaned
in bl ocksi ze_coar se (or bl ocksi ze_fi ne) becanesbigger. In thatcase mostof computa
tional burdenis from compuationof quatiles (| i.e., sortof theda).

5. We have detected186lines

4.2 Application to the S1run

The S1runstatedon 23 Augug 202 at 15:00 UTC andendea on 09 August2002UTC andsuccesfully
compldged. We have compldedthe andysis andmadea datalaseof the charaterisics of thedetectedlines
for therun.

1. setings
Channé starttimein GPS(seg starttimein UTC
Gl: DER_H HP- EP 71431897 25-08200214:44:44
Others 71498813 01-09200215:20:00
time stretd (sec) window overlap (%)
60 Hanning 50
fr (Hz) DC removal calibration
0.1 No dore

2. Theeffective noise bandwidth is 0.15Hz.

3. freeparaneters

bl ocksi ze_fi ne (Hz) bl ocksi ze_coarse (Hz) coarsng factor

32 1 8
t hreshol d_br oad threshol d_thin
6 4

Thuswe adoptthe samefree parameg¢rsasthe ones taken for the Janary data This is becaisewe
would like to testto what extentour code with onefixed choice of a parametrssetfor ary chamels
canwork well. As aresut, we obseve thatalmostall (aquick visual inspedion tells usmorethan90
%) linesdetectedby our codearealsoconfirmed(, i.e.,found) by visual inspection

FortheGl: PEM NBR_W N_SandGLl: PEM NBR_W N_D chanrels,however, we have used
bl ocksi ze_coarse =0.3Hz, bl ocksi ze_coar se =4 Hz, andcoasingfacta = 1, sincefor
bothchanrelstheamplitudespectal densty rangesfrom 0 Hz to abaut 60 Hz.

4. Thechannelsof the S1datawhichwe have analyzedare(GL: DER_H HP- EP) dataandthechamels
for which calibration informationwasavailableatthemomentwhentheanalysiswasdone (Septembe
20@). Thetime series of thedatastarsat14:44:44UTC on 25 Augug 2002for GL: DER H HP- EP
chamelandat 15:2000 UTC on 01 August2002for the otherchamels. We took a 1 minutesworth
datafor eachchannel. For bothof thetime the GL: DER_H_HP- EP trenddata wasfairly quiet.

Hereis thelist of the chamelsthatwe analyzed.
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: PSL_SL_PWR- LDA
: PSL_SL_PWR- AMPL- OUTLP

: PEM_TFN_MAG- X
- PEM_TCMa_MAG- X

: PEM_NBR_ W N- S

: PEM_NBR_W N- D

: PEM_NBG_RK- V2

- PEM_CBCTR_RK- C- V2

GL: DER_H_HP- EP Gl: SEI _TCl b_ACC- X- ST3

Gl: SEI _TCC SEI S-Y
Gl: LSC_BS_PWR- EAST Gl: SEI _TCC SEI S- X
GL: LSC_M D_EP- P GL: SEI _TFN_ACC- Z- ST3
Gl: LSC M D _EP-P_HP Gl: SEI _TFN_ACC- Y- ST3
GL: LSC_M D_FP- MCEl - MCNI GL: SEI _TFN_ACC- X- ST3
Gl: LSC_M D_FP- MCE- MCN Gl: SEI _NBC SEI S-Y
GL:LSC MD VS GL: SEI _NBC_SEI S- X
GL: LSC_M C_FP- MC2B
Gl: LSC M C_EP GL: PEM_NBC_ACOU
GL:LSC M C VS GL: PEM_TCC_ACOU- BD
Gl: LSC_M._FP- PZT GL: PEM_TFN_ACOU- BD
GL: LSC_MC1_EP GL: PEM TFN_MAG- Z
GL: LSC_MC2_EP GL: PEM TFN_MAG Y

Gl
Gl Gl
Gl Gl

Gl

Gl

Gl

5. Thereslt of ourandysisfor the S1runis available ontheweb:
"freqg_data" of “frequendes” on
http://info.geo600. uni - hannover. de/ frequenci es/ phpM/Admi n- 2. 2. 0/ . There
onecanfind the cental frequeng of theline, the bardwidth andthe full width half maximumof the
line, theroot meansquaedamplitudeof theline andits unit, signal to noiseratio, andsoon.

Notice that we have first calibratedthe amplitude spedral densty, thendetet¢ lines Thus,in the
dataaseon the web, we have only recodedlineswhich lie within the rangeover which calibration
informationarereliade (Thereliabe range differs chamel by chamel). The calibrationinformation
includingreliablefrequeng/ rangefor eachchamel is availablefrom the framedataitseff.

Noticethatfor the S1data,we have notremoved DC.

Thefollowing table givesa complet desciption abaut the datalaseentries.
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column | desciption
id Eachtableentryhasits unique Id-number
chamel The chanrel nameaccoding to the GEO600namirg corvention

start _time_UTC
start _time_GPS

time_stretch_sec
central frequency Hz

bandwi dt h_Hz

FWHM Hz
anplitude_rms

anpl i tude_unit

SNR_dB

frequency_resolution_Hz
ENBW Hz

comments

reference

[11].

Thesecom atwhich theanalyzedtime series beginsin the Coor
dinatal Universad Time scale
Thesecamdatwhichtheanalyzedtime seriesbeginsin theGlobd
Positioring Systemscale

Thelength of theanalyzedtime seriesin secads.

Thecental frequeng of theline by calcuktingthe cener of the
frequency interval thatis recaynized asaline by themethal used.
Thewidth in Hz of thatfrequeng interval whichis recagnized as
aline by themethal used.

Thefull-wid th-haF-maximumin Hz of theline.

The rootmean-sqareamplituce of the line which is calaulated

accordng to \/%ENBW > ASD? whereENBW is the effec-
tive noise bandwidh (seecolumn ENBW Hz ), AS Dyis thevalue
of theamplitwespectraldensty in thek -th bin andwherek runs
overthewhole bandvidth of theline.

The unit of the root-mean-guareamplitude in the column
‘anmpl i tude_rns’.

Theamplitudesignd to noiseratioin Decibelscalcubtedaccad-
ing to 20log(10)p, Where p is the amplituce signd to ratio cal-

2k
amplituce spectal densty andthe noise floor in the k-th bin re-
spectiely andk runsover thewhole bandvidth of theline.
Thefrequeng resoldion of thespedrumin Hz.

The effective noisebanadvidth in Hz which is necesaryto cal-
culatethe value of the amplitude spectum from the amplitude
spectal dengty or vice versa The ENBW is calcuatedaccaod-
ing to [6].

Herespeci&informationto theline andor chamel canbefound,
e.g.whethertheline is amemberof a seriesor whetherthechan
nelis calibratedor not. NB: Thecalibrationfunctionis eitherthe
whitenirg filter, thesysten filter or the prodict of bothaccading
to whatis available.

This column contins informaion comected to the
respetive table entuy. The format is as follows:
"aut hor #dat e#i nstrunment of |ine search#

PSD conput ati on net hod”.

2
culated accading to %. Here ASD; and N, arethe
k

5 Discussionknownproblems,and summary

5.1 Discussionand knownproblems

1. Oneknown prodem of our methodis thatit is difficult to detectrelatively smalllinesnea a broad,
ste, largeamplitudeline, since therunning quartie ¢3; becomedarge neartheline. In factthereare
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5.2

somelineswhich the codefailed to detect. For examle,seethegraphin the page 25 which shavs two
linesarowndfrequeny = 3100 Hz. Becaus®f thebroadline arourd frequency = 3117.2 Hz, ourcode
missedoneline next to f = 3100 Hz line. Onepossble way is to useq; only andestimaterunning
stardarddeviation by 2 x (¢2; — q1,)/1.34, wheregq2; is therunning medianatthei-th bin. However,
we found that, at leag for the S1run datawhich we have analyzed, there is littl e advartageto take
this estimatorfor the stancird deviation.

. Relatal with the abore, at the low frequencies it is difficult for our code to detect lines This is

becaisethe running mediancoarsefail to be a goodestimate of a noise floor at the low frequencies
andthe running medianfine fail to be a goad estimaor of a smootted Asd at the low frequences.
This seemsnainly dueto thefactthatbl ocksi ze_fi ne andbl ocksi ze_coar se aretoolarge
compaedto thevariation of theoriginal Asd.

. Our codehasdetected somelines which visud inspectioncould not confirm. For example seethe

graphsin thepage21 which shav “lines” arond frequencesof 1250.75Hz and1251 Hz.

. Thereis othe kind of lines which our code hasdetectedwhile visual inspectian could not corfirm.

For example seethe grgphsin the page21 which show*lines” around frequenciesof 10958 Hz and
1116.9Hz.

. For the above two issug the four free paramegrs, bl ocksi ze_fi ne, bl ocksi ze_coar se,

t hreshol d_br oad, andt hr eshol d_t hi n neal to be tuned. Especally, we obseve that it
seemdeteerto take asmallervaluefor bl ocksi ze_f i ne thanpresat choice (1 Hz).

. It is interesting to note that our code detectlines whosesiginal to noiseratio is abou 2. Seefor

exampk, the graphsin the page24 which showslineswith frequenciesof 2360.75Hz. Thisline has
sigral to ratioof 2.1.

. In the preset algoithm, we detectbroal lines through two steps (Seethe stes 10 and11 in Sec.

3.2.) With thefirst step,it is possble thatwe mistalenly dete¢ bumps. Thusin the secoml stepwe
demanl thatatleas onebin in the broadline canddatehasa enoudn amplitudeto bealine.

A possble othea way is asfollows. For instance if anAsd arourd certain bin hasline-like form, then
we deted it asaline. We hadonceusal Q-valueasa criterion for line-like form, somehowt hadnot
worked well.

. We do notknow how to estmatenumbe of lineswhich we have failedto detect

Summary

We have proposedanautanatedine seach algarithm andshavn theanalysisreadt onthe JJanuay dataand
the S1rundata. Thealgoithm is implementedn the MatLab code. We have usedthe sameparaméersset
for both Janwary andthe S1 data. As a resut, we obseve thatalmog all (a quick visud inspection tells us
morethan90 %) lines dete¢edby our codearealsocorfirmedy(, i.e.,found) by visual inspection. Although
thefour freeparanetersof thepresentalgorithmneedo betuned it is encouageasto seethatonepaticular
paraméer setcanalmostsuc@ssfuly work on variouschannelsanddifferenttime strethes.

6 Futurelook

The resuting datalasemay be usedasa initial input for a online line detection monitor aswell asline
tracking codes asa piece of detedor charaterizaion pipdines sud asrDCR/DCR4]. Also the resuting
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datalasemaybeusedn suchawaythatin agravitational wave seach peopk avoid to analyze/usdrequenc/
band wherethelines areknown to exist from the datéase.

7 Terminology

1. ENBW: Effective noisebandwidth. Also calledeffective noiseequivalentbandvidth andequivalent
noise bandwidh in Ref [6]. ENBW dependsonly on a frequeng resdution (fr) and a window
function used. Suppos that we usea window function expresedasa setof N real numbes {w; }
with 7 = 0..N — 1 in thetime doman. N is thelength of the DFT. Definetwo sumsby

N—-1

Sl - wy, (9)
7=0
N-1

S = > wl (10)
J=0

Thennormalzedequivalentnoisebanavidth (NENBW) is definedas
So

NENBW = N3, (12)
ST
andeffective noise bandwidh (ENBW) is definedas
ENBW = NENBW. fr = NENBW% = fS%. (12)
1

Here f, is the samplirg frequeng of thetime seres.

2. quatrtile: Imagire thatwe have a setof datay;, i = 1,2, ..., N. y;'s aresuposedto be ordinable.
Sorty; in asendirg orderandderotethe ordered sety;. Then

(firstquartile) = G4 (13)
(second quartile) = fyj, = (median) (14)
(third quartile) = ¥s.n/a- (15)

(This is NOT an exact definition. N/4 is assunedto be aninteger. If not, “/N/4” is setto bethe
neaestintegerof N/4. If thenumberof datapoints is large andderse,do not batter.)

50 % of the sorted datapoints exist betwea thethird quartile andfirst quartile. If thedistribution of
thedatasety; is normal,thenthe standird deviation andthe quatiles arerelated via

(standard deviation) = ((third quartile) — ( first quartile))/1.34. (16)

3. g-value

center frequency
— value) = 17
(g — value) full width hal f maximum (17

Whenfull width half maximum = 0, we use

center frequency (18)

_ value) = .
(g~ value) ef fective noise band width
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4. root meansquared amplitude:
For athin line atthei-th bin,

(root mean squared amplitude for athin line)
ENBW
= 4/ — Asd;. (19)

(root mean squared amplitude for a broadline)

_ J > ENBW e (20)

i€theline

For abroa line

5. running median: Imaginethatwe have setsof datapair (z;,v;), i = 1,2, 3, ..., N. Suppog thatwe
cansetbothz; andy; in orderindependatly. Thentherunnng medianatx; over someblocksize A
is themedian of the setof data
Yji—ks Yj—k+1s - Yi—1,Yjs Yj+1; - -Yjt+k> wherethe integer kis deflnedby Tjt+k — Tj—k < AL
Tj+k+1 — T k1. TO calcubterunning mediars of the datapoints whoseindicesareeithe j < & or
N — j < k, suiteble padding to the bothendsof daia shoutl bemade.

Thepaddngwe have chos@ arezeropadling. Theresuting runnng medianhasthe samedimenson
(length) asthe original dataset{y;} Seealsothehelpof medfiltlfunction of MatLah
6. running quartile: "running” meanghe sameastherunning median Seealsoquatile.

7. signalto noiseratio:
For athin line atthei-th bin,

Asd:
(signal tonoiseratio for athinline) = sdi . (21)
rme;

For abroa line

; ne(Asd;)?
(signal tonoiseratio for abroadline) = Lictheline(A5i) . (22)

Zj Etheline (7“ij)2

Noisefloor is alwaysestmatedby running meancoarse

8. width of a line: Given that congcutive bins are registered as bins on which lines exist. Thenthe
width of the line is defined by largest bin minussmallestbin in theregisteed bins. Thatis, larges
frequencyminussmalles frequency.
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A Line list

In eachraw of the lists, line id, chanrel name,(certer) frequeng, line width (Hz), FWHM (Hz), rms
amplitude, unit of Asd, SNR(dB), SNR (Linear)areshavn in this order.

/* threshol d _broad = 4.000000, threshold thin = 6.000000 */
/[* startf = 0.000000, stopf = 8192.000000 */

/* id,channel, */

/* central frequency_ Hz, bandwi dt h_Hz, FWHM Hz, */

[* anplitude_rms, anplitude_unit, SNR dB, */

/* SNR _Li near */

/* nunber of lines 186 */
1, GL:h, 0.00, 0.00, 0.00, 0.0000e+00, m 0.00, 1.0
2, Gl:h, 8.15, 0.10, 0.10, 7.3920e-17, m 30.98, 35.4
3, Gl:h, 8.65, 0.10, 0.10, 6.5532e-17, m 25.20, 18.2
4, Gl:h, 31.85, 1.30, 0.50, 5.2261e-16, m 19. 85, 9.8
5, Gl:h, 43.00, 0.20, 0.10, 4.5011e-16, m 23.48, 14.9
6, Gl:h, 50.05, 0.30, 0.10, 1.1267e-15, m 29.56, 30.0
7, GlL:h, 100.10, 0.10, 0.00, 9.8287e-17, m 10.17, 3.2
8, Gl:h, 150.10, 0.20, 0.10, 1.4699e-16, m 14. 38, 5.2
9, Gl.:h, 198.35, 1.30, 1.30, 9.9711e-17, m 7.18, 2.3
10, GlL:h, 250.20, 0.20, 0.10, 8.3287e-17, m 15.06, 5.7
11, Gl:h, 450.30, 0.10, 0.00, 1.3062e-17, m 5.64, 1.9
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550.40, 0.10, 0.00, 1.6511le-17,
779.40, 1.00, 0.50, 7.5022e-17,
950.75, 0.10, 0.10, 1.1233e-17,
1050. 80, 0.10, 0.00, 7.4459e-18,
1095.80, 0.40, 0.40, 8.6222e-18,
1116.90, 0.10, 0.00, 4.8755e-18,
1200.90, 0.20, 0.20, 8.4873e-18,
1250.75, 0.10, 0.10, 5.2439e-18,
1251.00, 0.20, 0.20, 1.1458e-17,
1300.95, 0.30, 0.30, 7.1890e-18,
1350.85, 0.10, 0.10, 3.2720e-18,
1351.10, 0.20, 0.20, 6.4845e-18,
1400. 00, 0.10, 0.00, 2.3847e-18,
1401. 05, 0.30, 0.30, 7.8990e-18,
1451. 25, 0.90, 0.20, 9.2550e-18,
1500. 00, 0.10, 0.00, 1.9058e-18,
1501.20, 0.60, 0.30, 9.3689e-18,
1558.65, 3.90, 1.00, 2.7557e-16,
1600. 00, 0.20, 0.10, 2.3131e-18,
1601. 20, 0.60, 0.30, 4.8022e-18,
1602. 10, 0.10, 0.00, 9.3545e-19,
1648.60, 0.10, 0.00, 6.4566e-19,
1649.55, 0.10, 0.10, 1.0945e-18,
1650. 35, 0.10, 0.10, 9.9355e-19,
1651. 25, 1.10, 0.40, 2.5139e-18,
1652. 10, 0.20, 0.20, 1.3461e-18,
1653.00, 0.20, 0.20, 1.1917e-18,
1700.00, 0.20, 0.10, 2.3296e-18,
1701.30, 0.80, 0.30, 5.8856e-18,
1750. 50, 0.10, 0.00, 6.0932e-19,
1751.15, 0.70, 0.40, 1.8629e-18,
1800. 00, 0.20, 0.10, 2.0893e-18,
1801.35, 0.90, 0.30, 5.0286e-18,
1851.45, 0.70, 0.40, 3.1208e-18,
1900. 00, 0.20, 0.10, 1.8794e-18,
1901.45, 0.70, 0.30, 2.891le-18,
1950. 60, 0.10, 0.00, 5.4471e-19,
1951.50, 1.40, 0.40, 3.2627e-18,
1952.35, 0.10, 0.10, 7.1554e-19,
2000. 00, 0.20, 0.20, 1.9751e-18,
2001. 50, 0.60, 0.30, 3.4830e-18,
2048.10, 0.20, 0.20, 1.8394e-18,
2051. 60, 0.40, 0.30, 2.1157e-18,
2100. 00, 0.20, 0.10, 1.7928e-18,
2101.65, 0.30, 0.30, 1.8953e-18,
2110.15, 1.50, 0.20, 8.0822e-18,
2151.60, 0.60, 0.30, 1.8889e-18,
2200.00, 0.20, 0.20, 1.5137e-18,
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60, Gl:h, 2201.65, 0.50, 0.50, 1.7411e-18,
61, Gl:h, 2251.70, 0.20, 0.20, 1.2238e-18,
62, Gl:h, 2300.00, 0.20, 0.10, 1.7087e-18,
63, Gl:h, 2301.80, 0.20, 0.20, 1.2063e-18,
64, Gl:h, 2305.75, 0.70, 0.70, 1.6454e-18,
65, Gl:h, 2337.90, 4.60, 1.50, 4.7721e-16,
66, Gl:h, 2369.75, 1.10, 1.00, 1.8365e-18,
67, Gl:h, 2400.00, 0.20, 0.20, 1.5319e-18,
68, Gl:h, 2401.75, 0.70, 0.50, 2.0166e-18,
69, Gl:h, 2432.85, 0.50, 0.20, 3.7677e-18,
70, Gl:h, 2451.50, 0.10, 0.00, 6.0435e-19,
71, Gl:h, 2451.90, 0.60, 0.40, 2.8596e-18,
72, Gl:h, 2500.00, 0.20, 0.20, 1.4651e-18,
73, Gl:h, 2501.40, 0.10, 0.00, 5.0420e-19,
74, Gl:h, 2501.85, 0.70, 0.70, 1.7046e-18,
75, Gl:h, 2546.00, 0.10, 0.00, 5.0872e-19,
76, Gl:h, 2551.95, 0.70, 0.60, 1.9346e-18,
77, Gl:h, 2600.00, 0.20, 0.20, 1.3778e-18,
78, Gl:h, 2601.50, 0.10, 0.00, 5.9140e-19,
79, Gl:h, 2601.95, 0.70, 0.60, 2.1905e-18,
80, Gl:h, 2608.65, 0.70, 0.40, 5.6932e-18,
81, Gl:h, 2651.50, 0.10, 0.00, 5.2112e-19,
82, Gl:h, 2652.05, 0.90, 0.50, 2.5731e-18,
83, Gl:h, 2700.00, 0.20, 0.20, 1.3215e-18,
84, Gl:h, 2702.10, 1.20, 0.80, 2.3699e-18,
85, Gl:h, 2703.00, 0.10, 0.00, 5.1045e-19,
86, Gl:h, 2752.05, 0.90, 0.60, 2.8850e-18,
87, Gl:h, 2799.95, 0.10, 0.10, 1.2543e-18,
88, Gl:h, 2801.90, 3.60, 0.40, 5.7068e-18,
89, Gl:h, 2852.15, 0.90, 0.70, 2.6161e-18,
90, Gl:h, 2900.00, 0.20, 0.20, 1.2798e-18,
91, Gl:h, 2902.25, 0.10, 0.10, 8.8023e-19,
92, Gl:h, 2952.25, 1.30, 0.50, 3.4141e-18,
93, Gl:h, 2999.95, 0.10, 0.10, 1.0600e-18,
94, Gl:h, 3002.35, 1.70, 0.40, 4.1166e-18,
95, Gl:h, 3052.20, 1.20, 0.80, 3.1079e-18,
96, Gl:h, 3100.00, 0.10, 0.00, 8.7775e-19,
97, Gl:h, 3117.20, 4.60, 2.00, 1.0232e-16,
98, Gl:h, 3152.40, 1.20, 0.80, 2.2639e-18,
99, Gl:h, 3199.95, 0.10, 0.10, 1.1586e-18,
100, Gl:h, 3202.30, 1.00, 0.90, 2.2427e-18,
101, Gl:h, 3252.25, 1.50, 0.80, 3.2334e-18,
102, Gl:h, 3287.15, 0.10, 0.10, 9.3400e-19,
103, Gl:h, 3299.95, 0.10, 0.10, 1.0518e-18,
104, Gl:h, 3302.50, 2.00, 0.90, 3.1689e-18,
105, Gl:h, 3352.40, 1.20, 1.00, 2.2703e-18,
106, Gl:h, 3399.95, 0.10, 0.10, 1.0553e-18,
107, Gl:h, 3402.50, 1.00, 0.90, 2.0031le-18,
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108, Gl:h, 3452.55, 1.10, 0.80, 2.5954e-18,
109, Gl:h, 3500.00, 0.20, 0.20, 1.1441e-18,
110, Gl:h, 3502.50, 1.40, 1.00, 2.8647e-18,
111, Gl:h, 3552.65, 1.10, 1.00, 2.2122e-18,
112, Gl:h, 3600.00, 0.20, 0.10, 1.1267e-18,
113, GlL:h, 3602.80, 1.80, 0.90, 3.7363e-18,
114, Gl:h, 3652.90, 0.10, 0.00, 6.1521e-19,
115, Gl:h, 3699.95, 0.10, 0.10, 9.6100e-19,
116, GlL:h, 3702.80, 0.80, 0.80, 1.4856e-18,
117, Gl:h, 3752.85, 0.70, 0.70, 1.1898e-18,
118, Gl:h, 3800.00, 0.20, 0.20, 1.1500e-18,
119, Gl:h, 3802.85, 1.70, 0.70, 3.2862e-18,
120, Gl:h, 3852.40, 0.10, 0.00, 4.4824e-19,
121, Gl:h, 3852.95, 0.70, 0.60, 1.7023e-18,
122, Gl:h, 3896.40, 5.40, 2.60, 1.0209e-16,
123, Gl:h, 4000.00, 0.20, 0.10, 1.0895e-18,
124, Gl:h, 4003.15, 0.50, 0.50, 8.9416e-19,
125, Gl:h, 4052.50, 0.10, 0.00, 3.7831le-19,
126, Gl:h, 4053.10, 1.00, 0.80, 1.6582e-18,
127, Gl:h, 4094.40, 0.10, 0.00, 6.4566e-19,
128, Gl:h, 4096.20, 0.20, 0.10, 2.8218e-18,
129, Gl:h, 4097.95, 0.10, 0.10, 8.3011le-19,
130, Gl:h, 4099.95, 0.10, 0.10, 8.4609e-19,
131, Gl:h, 4200.00, 0.10, 0.00, 7.5038e-19,
132, Gl:h, 4202.60, 0.10, 0.00, 5.0555e-19,
133, Gl:h, 4203.20, 1.00, 0.90, 1.7522e-18,
134, Gl:h, 4220.00, 0.20, 0.10, 2.0178e-18,
135, Gl:h, 4253.30, 0.60, 0.60, 1.1869e-18,
136, Gl:h, 4300.05, 0.10, 0.10, 7.9742e-19,
137, Gl:h, 4303.30, 1.00, 1.00, 1.5379e-18,
138, Gl:h, 4352.70, 0.10, 0.00, 3.6778e-19,
139, Gl:h, 4353.25, 0.70, 0.60, 1.0818e-18,
140, Gl:h, 4399.95, 0.10, 0.10, 8.2859e-19,
141, Gl:h, 4500.00, 0.10, 0.00, 5.2187e-19,
142, Gl:h, 4502.70, 0.10, 0.00, 4.8060e-19,
143, Gl:h, 4503.40, 1.00, 0.60, 1.8069e-18,
144, Gl:h, 4553.45, 0.70, 0.60, 9.9465e-19,
145, Gl:h, 4600.00, 0.10, 0.00, 6.2452e-19,
146, Gl:h, 4675.65, 5.30, 3.10, 3.3632e-17,
147, Gl:h, 4690.00, 0.10, 0.00, 6.2223e-19,
148, Gl:h, 4700.00, 0.10, 0.00, 6.1567e-19,
149, Gl:h, 4753.80, 0.10, 0.00, 4.4881e-19,
150, Gl:h, 4800.00, 0.10, 0.00, 5.0923e-19,
151, Gl:h, 4803.75, 0.50, 0.50, 1.0719e-18,
152, Gl:h, 4865.70, 0.10, 0.00, 3.6132e-19,
153, Gl:h, 4900.00, 0.10, 0.00, 5.5191e-19,
154, Gl:h, 5000.00, 0.10, 0.00, 4.8856e-19,
155, Gl:h, 5003.85, 0.10, 0.10, 4.5056e-19,
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156, Gl:h, 5100.00, 0.10, 0.00, 3.7565e-19, m 6. 01, 2.0
157, Gl:h, 5160.00, 0.10, 0.00, 4.0361le-19, m 6. 63, 2.1
158, Gl:h, 5200.00, 0.10, 0.00, 4.3844e-19, m 7. 38, 2.3
159, Gl:h, 5217.35, 1.10, 0.70, 3.5859-18, m 14.67, 5. 4
160, Gl:h, 5300.00, 0.10, 0.00, 4.2397e-19, m 7.52, 2.4
161, Gl:h, 5400.00, 0.10, 0.00, 3.4806e-19, m 5. 35, 1.9
162, Gl:h, 5454.85, 5.70, 3.50, 5.6910e-17, m 30.86, 34.9
163, Gl:h, 5504.40, 0.10, 0.00, 3.4563e-19, m 5. 41, 1.9
164, Gl:h, 5553.95, 0.10, 0.10, 4.7480e-19, m 6. 10, 2.0
165, Gl:h, 5554.25, 0.30, 0.30, 5.3287e-19, m 4.09, 1.6
166, Gl:h, 5723.10, 0.10, 0.00, 3.7682e-19, m 6. 44, 2.1
167, Gl:h, 5800.00, 0.10, 0.00, 4.1578e-19, m 7.54, 2.4
168, Gl:h, 5900.00, 0.10, 0.00, 3.5030e-19, m 6. 10, 2.0
169, Gl:h, 5973.60, 0.10, 0.00, 5.0917e-19, m 9. 11, 2.9
170, Gl:h, 6114.80, 0.10, 0.00, 2.9799e-19, m 4. 74, 1.7
171, Gl:h, 6142.50, 0.20, 0.20, 1.0439%-18, m 10.22, 3.2
172, Gl:h, 6144.30, 0.20, 0.10, 2.6442e-18, m 18.28, 8.2
173, Gl:h, 6146.05, 0.10, 0.10, 1.1021e-18, m 12.50, 4.2
174, Gl:h, 6163.65, 0.10, 0.10, 8.4620e-19, m 10. 46, 3.3
175, Gl:h, 6175.05, 0.10, 0.10, 5.9998e-19, m 7. 40, 2.3
176, Gl:h, 6234.35, 5.30, 4.10, 1.4650e-17, m 20.72, 10.9
177, Gl:h, 6300.00, 0.10, 0.00, 3.3356e-19, m 5. 66, 1.9
178, Gl:h, 6330.00, 0.10, 0.00, 3.9657e-19, m 6. 80, 2.2
179, Gl:h, 6524.60, 0.10, 0.00, 3.2641e-19, m 5. 34, 1.8
180, Gl:h, 6592.90, 0.10, 0.00, 3.5242e-19, m 6. 06, 2.0
181, Gl:h, 6604.25, 0.10, 0.10, 1.4075e-18, m 15. 06, 5.7
182, Gl:h, 6615.65, 0.10, 0.10, 9.7669e-19, m 11.73, 3.9
183, Gl:h, 6627.00, 0.10, 0.00, 4.2812e-19, m 6. 63, 2.1
184, Gl:h, 6800.00, 0.20, 0.20, 2.5063e-18, m 18.55, 8.5
185, Gl:h, 7013.60, 5.40, 4.60, 1.3402e-17, m 20.85  11.0
186, Gl:h, 7049.40, 0.10, 0.00, 3.1080e-19, m 6. 40, 2.1
B Graphs

In the 186 grapls, we shaw lines detectedby our code. Title of eachfigure shawvs thefrequeng of thethin
line. Greenlinesarerunning mediansover 32 Hz. Redline is thethreslold line. Thethrestold for linesis
running medianplus 6 timesrunning stardarddeviation. Therunning stardarddeviationis estimate by the
interquartie-rargescalcubtedover 32 Hz andhave valueon eachbin.
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Figurel: Detectedines
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