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Abstract

This paper describes mew filtering technige usdto detect ad eliminateoutlying datain
two-way satellite time and frequency transfef((VSTFT) time links. In the case of TWSTFT
data used to calculatdnternational Atomic Time {TAIl), three main problemshave to be
considered

o the difficulty of recogrizing outliersfrom useful data

e the need to avoiddeletng usefuldatg

e that TWSTFT links can show @& underlying slope which renders the standard
treatment more difficult

Using phase and frequency filtering techniques, a new wafydetectingoutliers, while avoiding
detection of useful datahas been developed and implemented at the BIPM to clean TWSTFT
data.

INTRODUCTION

Each month, the BIPMime, Frequencyand Gravimety Sectionproducesinternational Atomic Time
(TAI) and CoordinatedUniversal Time (JTC) from datacontribued by almost 70 laboratoriesThis
involves about 370 atomic clocks linked by various technigqudest time links 85%) are computed
from multi-channel GPS receivers, either singte duatfrequency 14% of the linksarefrom TWSTFT
[1,2] observations in Europe, North Amerj@nd the AsigPacific region. In September 20Q% new
technique baseon the carrier phase combined with the cofihe GFS signal(Precise Point Positioning
GPS PPP[3]) was introduced imo BIPM Circular T [4]. The BIPM treats, in totalTWSTFT
observations from 20 laboratories, halfvdhich currently are under study prior to their inclusiorthia
routine TAI calculation Several TWETFT links areaffected byoutlying datato ensuresafe handlingpf
the data a new cleaning techniquéhas been developedt the BIPM Although the dataleaning
technique has been developed for application to TWSTFT linksuitlequallybe adapted tother kinds
of time links. Removing the outliers oMWSTFT links is a challenge foa number ofreasons: it is
difficult to recognke outliers from useful datéhe TWSTFT links may show an underlyingslope which
complicateghe standard tratment[5-10]; andfinally, the number of TWSTFT data points is rathaw.
TWSTFT time links routinely providel2 data points per dayofle measurememvery 2 hoursin most
casesandeveryhour in the case of AsiBurope time link); this number is ratmdow compared to the
number of measurements for GPS time lifddsout 100 measuremernsrday).
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The first part of this paper illustraehevariousapproaches tested using phase and frequency @hta.
second part shows the results obtained usingehefiltering technique.

THE OUTLIER DETECTION TECHNIQUE

Thetechniquesnost commoly usedto detect outlierén data used in the calculation DAI [5] arebased
on different statistical estimators applied to the phase dbfawever TWSTFT links may show an
underlying slope that makes the standard treatment more difficidind increasethe risk of removing
usefuldata. In this case, a better approachasonsidetbothphase anfrequency values.

After testingvariousapproachesve concludedhat mixing different methods increaséhe reliability of

the filter. Af i r st step cal l ed offi®ectngydrylacgeoatiers byruging a mavings i st s
averageon the phase data and observing the residuals between the real and the Vdtaesd The

second step consigtéa more refined detectipmakinguseof two different mathematical methads

1. themoving average applied to phase data
2. the Median Absolute Deviation (MAD) estimator applied to the frequency data.

A data point is removkonly whenbothtechniquesdentify it asanoutlier.

This new outlier detection procesggves satisfying resultsvhen applied toTWSTFT links without
removing too many data and compierts the existing cleaning tooldeveloped for time linklata[5]. In
the next sectionshe mathematical techniques usedhia algorithm foioutlier detectionarepresented.

FREQUENCY FILTERING

Themean and standard deviatj@tandard estimators used to charactahizgroperties of data setan
bereally affectedby outliers[7]. An estimator more resistant to outliers is the mediarthis studywe
consider arobustestimator based on the medianalled Median AbsoluteDeviation (MAD) [6-8,10],
which is frequentlyused in data setaffected by outliers. The MAD is defined as the median of the
absolute deviations from the data median:

MAD = median(|X; — median (X)) (1)

Theclassicafistandard deviatiancan beestimatedising theMAD [6]:

&\ = K-MAD )

where K is a consantscalefactor which depends on thgpe of thedistribution for normal distribubn

of datg K ~1.4826 [6,7]. Consequentlyby choosing K= 1.4826 the expected value df,,p is equal
to the standrd deviationo™ for normally distributed data.

To test the robustness of the MAMth respect to the standard deviation in the case of TAI calcu)ation
test was performed using the BWFT datareported to the BIPMn February 2009hereafter 0902)
We calculate the classical standard deviation and the estimated standardrdesiadhe MADof the
frequencydatafor all TWSTFT links. The MAD was found to benorerobustthan the classat standard
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deviation Figure 1 shows thhistogram of thestandard deviation of the links blue) and the standard
deviation calculated by using the MAI red.
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Figure 1. Comparison between thgandard deviation andhé¢ standard deviation
estimatedisingthe MAD for TWSTFT data of Feliary 2009

In month 0902, outliers are mainly presenttime USNO-PTB X-bandlink (USNX), in the NICT-PTB
link (NICT), and inthe NPL-PTB link (NPL). The behavior of the statistical tools is differémteach
case, but in each cagee MAD was foundo be more resistant to outliers.

According to Sesia and Tavelld], the MAD is themost widely usedilter to detect and remove outliers.
To createhefilter, athreshold hasto bedefinedso that a valueX; is considered aoutlier if:

|X; —median (X;)| >t - dgap @)

In the case obur filter, the thresiold wasdefined ad = 3, which corresponds$o about 1% of outliers if
thedata arenormallydistributed[7].

Thisfilter is appliedto frequency dataerivedfrom phaselatausing thewell-known relatiors:

dx(t X
y(t) — 3( ) yI — X|+1 XI (4)
t T,

wherey (t) is the frequency value and(t) is the phasevalue attime t. TWSTFT data areusually
samplecevery hour(or every 2 hoursk o = 1lhour(or 2 hours)standard time interval)A time interval
Wbigger thant between twasuccessive observatisimdicates a hole in the dataln suchcass, y(t) will
be affected and the value witle wrong For this reasonholes in phae data are detectedefore
compuing the MAD andonly frequencydata not correspointh to ahole are usetb calculate the MAD
(1). Once the MAD isdeterminedthe completedataset istreated to define outliensith respect tahe
calculatedVIAD. The frequency values can be obtainedcbysideringlifferent values of}.

The use offrequency datdeads toseveraldifficulties linked to theidentification of the corresponding
phase datthatgenerée frequencyoutliers. Several examples are showrthe fourplots in Fgure2.
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Figure 2. Representation ofpecific behaviors in phasend corresponding frequency
data (a) asinglephase outlier(b) successive phase outligfs) time step inphasedatg
and(d) amore complex case with successive series of outliers.

Sesia and Tavellg8] consider that whefrequency outlierare detectedthe twocorresponding phase
datashould be eliminatedlt is obviousthat, in suchcase, more phase data than necessag cleaned
considering thatwo phase data are uséd produceone frequency value This solutionwas not
applicable to our cadsecause of themallquantity of datan TWSTFT time links

The frequency data have to barefully checkedto detect the correspondimhase data outlierWe
analyed a number of data after ttautlier detection and cheekl the sign ofthe frequency jump.If a
time step occursHgure 2(c)), the frequency outlier dateorresponding to the end die observation
perioddoes not exist andhus no data are modifiedln the case that frequency outliers corresponding to
successive phase outliesse found, all pointareconsidered as outlie(gigure 2 (b)).

This method is very importaim orderto distinguish betweesuccessive phase outlieaadatime step.
If we remove the two phase data corresponding to the fregumrilier, we might remove useful data or
missreal outliers.

Figure 3 showss an exampléhe case othe USNO-PTB X-bandlink. The filter is efficient in the

presence o# single outlierbut if severalcloseoutliersappear, theihe filter fails such as for thedata
prior to MJD 54869.5 By checking the frequency values with the sitdpe filter works very well.
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USNO-PTB X-band (0902)
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Figure3. Original and cleaned data fire USNO-PTB X-band link. The blue ling(Dz
representshe real phase data, the black liimks the frequency daté z,)and thered
dots (x) showsthe cleaned data

Figure Zd) shows a more complicated situatihere the interpretation of the behavior of ftezguency
values becomes difficult Without examiningthe phasevalues there is no wg of detecting whethethe
last datum of a short timejump has auseful( i n o r valad 8ince the goais avoid the deletion of
useful dataa second filteon the phase data added to check theorrectoutlier detection.This second
filter is descrbed in the nexsection.

PHASE FILTERING

To ensurethe remonal of only real phase data outlgra second test jgerformedon the phasedata We
filter the data with the moving averagechnique and detect the outlierdy analying the residuals
between the filtered and real data.

Thewidth of the window used in the phase filteriogn be adopted depending on the noise presents in the
data set We decided to use 12 data in thevingaveragebut a smaller size&an be required the drift
of the phae is highand thewindow can be enlargei large dataholes exist

A maximumaccepted/alue of the residuals between real and smoothed data must beTixel@termine
this value the cumulatedfrequencief the residualsvere calculated for differst time linksin different
periods The results are reported Figure 4 It is seenfor examplethatthe NICT-PTB time linkfor
two different months shasvvery different resultsand it is therefore difficulto set a default value
perfectly adapted tevery situation We chose to set thesidual threshol@ equal to2 ns becausenost
residualsarelocatedbetween-2 nsand +2nsindependently of the link usedHowever,this parameter
can be adapted to speaialsego increase the efficiency ttefilter.
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Figure 4. Cumulated frequencyf residualsbetween the filtered and real data for
different time links.

Thisfilter can be usetbr outlier detection and the resuitsmostcases will besatisfactory Howevet in
the calculation of time lirkk for TAI, we are often faceavith very complexsituatiors where the detection
of useful data is nadtraightforward One example is reported Figure5, showingthe results obtained
by applying tle phase filterto the NICT-PTB time link (dataperiod 0806). In this situationwe should
avoid ugng thesedatain the TAI calculation ancconsider an alternative technigu@/e have retained this
case aga good example to check and refthe outlier detection technique.

NICT-PTB TWSTFT time link (0806)
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Figure5. The blue line representeal data anthe red staréx) representietected outlies.

In this particular casevith thresholdequal ta2 ns the phase filtedetectanore outliers than neededhe
useof frequency and phase filiag together avoid the detection ofisefuldata Thus both frequency
and phase filter have been combined to establish a refimay of detecing outliers: if a datm is
considered as an outlitar bothfilters, then it isremovedfrom the data set

During tests of thalgorithmon different déa ses, it was foundhattoo many outliersn the sameegion

or the presence ofery large outliers could lead to wrong results, so treimetimesuseful datawere
considered to beutliers angconverselysomeoutlierswere consideredo beusefuldata(seeFigures6
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and7). In particulat Figure 6showsthe USNOGPTB Ku-Bandtime link (related to the perio8806)
Figure 7plotsthe results after the application of tb@emposedilter. Zoomsof the Figures 6 and on a
specific dateshow the effecof the filter with too many closeutliers This effect is due to the fact that
the phase filtering follows the behavior of the pits and is gengitive to the presence aitliers.It was
therefore appropriate to add a rough phase filter as aralrstep in the outlier detection process.

218 34.9 + T
+ e o F
%W;«gwq
E * M
@ +
@
g L
101 °°
10.04 A . L
0.0 + r
Link(ns): Tw/Tai0806__ USNO-PTB/07-05 | Total: 322_Ep/at15:11_03/30/09
546‘15.0 546‘20.0 546‘25.0 5—16‘30.0 546‘35.0 546‘-10 0 EI>4E—|15 o]
MJD

Figure6. USNO-PTB Ku-Bandtime link for month 0806.The Hack crosse$+) represent
real datathe blue dots () the smoothed dateandthered triangle(A) the phase values on
standard dates.
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Figure7. Cleaned link USN@TB Ku-Band(0806. The black crosses (+) represent real
data, the blue dots ) the smoothed datand the red triangleAj the phase values on
standard dates.
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RouGH PHASE CLEANING

To applyapreliminaryrough cleaningf the phase datave applieda phase filteusinga moving average
and analyed the residualsising a threshold 08xZ (Z= 2 ns).

Figure8(a) shows thalataobtained usinghis rough filteron theUSNO-PTB Ku-banddatapresented in
Figure 6 and the final resultBigure §b) obtained using the complete filter
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Figure8. Result of the rough cleanir(@ and complete filterk) on USNOPTB Ku-Band
link data(0806. The black crosses (+gpresent real data, the blue dotsthe smoothed
datg and the red triangle\] the phase values on standard dates.

In this examplethe rough cleaningvaseffective evenif used alonéFigure 8(a)). Applying therefined
filter to theroughcleaneddata enableshe remoal of the remainingutliers Figure8(b)). Furthermore,
no usefulpoints wereremoved during this data cleaningocess

We concludethat a combination of the datsleaningmethodspresented irthe previoussectionsgives
satisfatory resultsand nousefuldata are removedThis solutionhas been tested datifferent data set

and he resultarepresentedn the next section.

EXAMPLES

The efficiency of the new datdeaning technique has been tested on various dataVdetshose the data
of June 20080806) since there was ahange insatellite affecting TWSTFT datg in particular we
analyed the time linkaNICT-PTB and NISTPTB, where the presence of outliessas very important.
We checkd the algorithm also omnotherdat set correspoimg to the month0902 consideredas a
Acl assi.@al month

As described abovéhe cleaning parameters usedthe filterare
— themaximum value for theesiduasis setequal to2.0ns

— the width of the window for moving average smootheghosen to b&2 points
— the maximahumber of successive outlidigat can be detected is definedl2goints.
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CLASSICAL SITUATIONS (MONTH 0902)

The USNO-PTB X-bandlink usuallyneedsoutlier detectionjn 0902 it presents several isolated oeit§.
Figure 9(a) showsthe original USNO-PTB X-bandlink for the period0902 and in Figure g9b), the
correspondingleaned data We concludethat this cleaningtechniqueis efficientfor isolated outliers,
since it does naemoveanyusefuldata
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Figure9. The original USNGPTB X-banddata for 0902 (aandthe cleaned dat¢b). The
black crosses (+) represent real data, the blue dptthé smoothed datand the red

triangle (\) the phase values on standard dates.

PARTICULAR CASES (MONTH 0806)

Due to a change of satellite on June&0@any TWSTFT time linksvereaffected by dargenumber of
outliers;these data armterestingfor tesing the efficiency of the new filterTwo very noisytime links
were chosen to perfornthe tests the NICT-PTB link, which shows acombinationof dataholes and
outliers andthe NIST-PTB link, which shows darge numbeof outliers.

The NICT-PTB link is an interesting and anomalousmse becauset contains a hole surrounded by
outliers andn additionshowsa very high noise In this caseit is not simple to distinguish between the
outliers and the real datand it providesa challengingestof the algorithm Thefilter wasappliedtwo
successivéimesto the NICT-PTB link (Figure 10(a)) with more restrictivgparametergresidual threshold
of 1.5ns instead of 21). The link was significantlyimproved(Figure 10(b)), but the result cannot be
perfect due to thlow quality oftheoriginal data
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Figure 10. The originalNICT-PTB data for0806 (a) and thecorrespondingleaned
data(b). The black crosses (+) represent real data, the blue;Jothd smoothed data
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The NISTPTB time link related to the pesd 0806 (Figure 11(a)) represents another complex case
similar to USNGPTB Ku-banddatapresented in the previous paragrapbtwith a larger number of

outliers.

Phase /ns
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MJD MJD

Figure1l. The original NSET-PTB link data(0806) (a) and thecorrespondig cleaned
data(b). The black crosses (+) represent real data, the blue;ddtse(smoothed data
and the red triangle\j the phase values on standard dates.

The cleaned dataeportedin Figure 11(b) wereobtainedby runningthe algorithmtwice; outying points
not removedfterthe firstrun werecleanedduringthe second run

CONCLUSION

A new techniqudo detect and eliminate outliers fromMWSTFT datases has been developeat the
BIPM. The filter consistof a combination otwo different méhematical methods to detect outligrsa
first step arough cleaning is applietd thephase dat#o eliminatesignificantoutliersthat can affect the
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