AutoLag: Automatic Discovery of Lag Correlationsin StreamData
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1 Intr oduction

Data streamsappearin multiple settings,suchas envi-
ronmentalmedicalandsocioeconomisystems.Thereare
mary, fascinatingresearctproblemsin suchsettings,like
clustering[1], summarizatior§3], andforecastind?2].

We focuson aless-studieghroblem,namelyto automat-
ically determinewhethera sequenc& follows anotherse-
guenceY , with anunknown lag |, which we needto deter
mine on the y . The criterion is basedon the correlation
coefcient (l). Recallthatthe correlationcoefcient (l)

lows:
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wherex, y denotethe meanof X andY, respectiely. We
areinterestedn high absolutevaluesof (1).

De nition 1 (Lag Correlation) We saythattwosequences
X andY havealagcorrelationofl, andspeci cally that X
lagsY bylagl, if theabsolutevaluej (1)j ofthecorrelation
coefcient betweerx; andy; | is aboveathreshold , say

= 0:4, andthis is the global maximum,or the earliest
local maximumijf more maximaexist.

We choosethe earliestlocal maximum,to accountfor two
periodicsignalslaggingeachothet

If X andY were static, the problemwould be trivial:
computethe CCF (cross-correlatiorfunction) (I) (I =
1;2;:::) andreportthe smallestlag | for which the CCF
is maximized. When X andY continuouslyincreasein
length, the problemis challenging. We want a method
whichwill monitorX andY, and,wheneertheuserwants,
themethodshoulddeterminga) whetherthereis alag cor-
relation,and(b) if yes,thevaluel of thelag. We propose
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AutolLag,alag capturemethodfor two datastreamsAuto-
Lag hasdramaticallybetterperformancein termsof speed
andmemory),while it maintainsexcellentaccurag.

2 AutolLag

As justmentionedjf we hadin nite spaceandtime, the
problemwould have thefollowing straightforwardsolution:

Naive Solution At time n, accessll thevaluesof X and
Y, estimate (l) for all valuesof thelag! (= 0;1;:::), and
choosehe maximumabsolutevalueabove |, or reportthat
thereis nolag correlation.

Our solutionis basedon threemajor steps,eachdescribed
next. The rst steptowardsa streamingsolutionis the ob-
senationthat, for a x edlag |, we canupdatethe correla-
tion coefcient (l) incrementally Speci cally, if we want
to estimatethe correlationcoefcient (0) of two time se-

incrementallyby keepingtrackof thecount(n), thesumof
x¢ valuesthesumof squarex?, the sumof productsxys,
andthe sumandsumof square®f they; values.These ve
numbersare enoughto estimatethe correlationcoefcient

(0) for lag! = 0. For ary desirablevalue of the lag I,
we just needto keeptrack of the correspondind numbers,
whichwe shallreferto as“suf cient statistics.

For the secondstep towardsa streamingsolution, we
proposean approximation: Insteadof computing (1) for
every possiblevalueof thelag |, we proposeto keeptrack
of only a geometricprogressiorof lag values:1= 0,1, 2, 4,
:::, 2, 1::, anddo interpolationfor the rest. We obtained
goodresultswith cubic splines,but the choiceof interpo-
lation methodis orthogonalto our approachand,in fact,
other interpolationmethodsmay give even betterresults.
The justi cation for our geometricprogressiorideais that
it is necessaryo achiese sub-linearspaceandtime require-
ments,while we expectthat the lossin accurag will be
small, if we areinterestedn the relative error of the lag.
The intuition is that our methodwill give good accurag
for smalll, exactly becausdor smallvaluesof thelag | we
have mary pointsto interpolate;it may give a larger error
for largelagl, but therelative errorwill probablybesmall.
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Figure 1. Estimation of the correlation coef -
cients (CCF) for Sines

However, thereis still a subtlepoint: we still needto
have a window of valuesthatis aslarge asthe largestlag
Imax thatwe wantto be ableto detect. Thisis prohibitive,
sincelmax growswith time. We proposeto solve this prob-
lem with an approximation: Insteadof operatingon the
original time sequenceswe also computetheir smoothed
version,by computingthe meansof non-overlappingwin-
dows. Thewindow widthswill bepowersof 2, althoughary
othernumberwould be acceptabletoo. Let X bethe orig-
inal time sequenceand X, be its smoothedversionwith
windows of length2". We referto h asthe “level” of the
approximation.Thatis, X o(t) is the original sequenceX 1
consistof n=2ticks, with thepairmeansX , hasn=4ticks,
with the quadrupleimeansandsoon. At time n, we need
O(logn) levels; for eachlevel, we computethe sufcient
statistics.Formally we have (I) 1(1=2), andin general

1  n(=2") (2)

where () is the correlation coefcient of the h-level
smoothedsequencesand () (). It turnsoutthat, for
smoothinput sequencegheerroris small. In retrospectit
makessenseif theinput sequencearesmooththey won't
be affectedtoo much by our smoothingthroughwindow-
means.

3 Experiments

To evaluatethe effectivenesof AutoLag, we performed
experimentson real andsyntheticdatasets Eachsynthetic
sequencdasadditive white noise. We comparedAutolLag
with the naive implementation. AutoLag can keep more
thanonecoefcient for eachlevel to improvetheaccurag.
We used16 coefcients for eachlevel. We performedour
experimentson an Intel Xeon 2.8GHzwith 1GB of mem-
ory, runningLinux.

Figure 1 shaws the estimationof AutoLagfor Sines In
this gure, “Naive” denotesthe exact correlation coef-
cientscomputedy thenaiveimplementation:Approxima-
tion” meanghe correlationcoefcients computedrom the

Lagcorrelation | Estimation

Datasets Naive | AutoLag | error(%)
Sines 3410 3412 0.059
SpileTrains 2841 2829 0.422
TwoSpiles | 10408 10436 0.269
Tempeature 1632 1622 0.613
Kursk 2698 2688 0.371
Sunspots 1156 1168 1.038

Table 1. Estimation error of lag correlations.

Sequence Wall clocktime (ms) _
Length Naive | AutolLag Speed-up
le+04 0.0256 | 0.00038 67:1
le+05 0.2896| 0.00053 546:1
1le+06 3.0520| 0.00061 5003:1
le+07 | 29.8844| 0.00071| 42090:1

Table 2. Wall clock time as a function of se-
quence length.

smoothedrersion.AutoLaginterpolateghe missingvalues
betweenthesecorrelationcoefcients. This gure shows
that AutoLag closely approximateghe correlationcoef-
cients. Table 1 shavs thatthe estimationerror of captured
lag correlations.The experimentsdemonstratelearly that
AutolLag detectgthe correctlag perfectlymostof thetime.
Thelargestrelative errorwasaboutl %.

Table 2 comparesAutoLag and the naive implementa-
tion in termsof thewall clock time undervaryingsequence
lengthn. Thewall clock time is the averageof processing
timeto updatesufcient statisticsaanddetectagcorrelations
for eachtime tick. AutoLagachievesa dramaticreduction
in computatiortime. Speci cally, AutoLagis up to about
42,000timesfasterthanthe nave implementation.

4 Conclusions

We have introducedthe problemof automaticlag cor
relationdetectionon streamingdataandproposeddutoLag
to addresshisproblemby usingcarefulapproximationgnd
smoothing.Ourexperimentonrealandrealisticdatashav
that AutoLag works as expected,estimatingthe unknavn
lagswith excellentaccurag and signi cant speed-up.In
our experimenton realandrealisticdata,AutoLagwasup
to about42,000timesfasterthanthe naive implementation,
with atmost1%relative error.
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