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Chapter 2
The ANTARES data acquisition
system
In this chapter the data acquisition system of the ANTARES telescope is presented. Attention is given to a relative timing calibration procedure using the optical beacon device
of the detector and the data quality monitoring system which were both developed in the
framework of this thesis.
uon tracks produced by a high-energy cosmic
muon-neutrino interaction in the rock and sea water
surrounding ANTARES can be reconstructed by the
three-dimensional array of optical modules (OMs)
which measures the arrival times of Cherenkov photons hitting the photo-multiplier tubes (PMTs) composing the telescope. The data acquisition (DAQ)
system collects the time and amplitude information
of the PMTs and converts the data such that they
are suitable for the analysis and reconstruction software. A description of the DAQ system is given in
Section 2.1. The quality of the reconstruction is expressed in terms of the three
dimensional pointing accuracy or, more precisely, the angular resolution of the
telescope is determined by the relative timing of each PMT signal with respect to
the others. An in-situ calibration system is used to monitor the varying environmental working conditions of the apparatus and the long term variations of the
relative time offsets of the PMTs. The optical beacon system of ANTARES that is
used for time calibration is described in Section 2.2. The relative time calibration
method is based on the determination of the time offsets of the various PMTs in
response to a flash of the Optical Beacon device of ANTARES. This procedure has
been tested using the MILOM prototype instrumentation line of ANTARES [19].
All critical components of ANTARES have been properly tested and calibrated
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before deployment but their performance might change during operation. A diagnostic tool is therefore required to monitor whether components are functioning as expected or if they are degraded in their performance during the operations. This is the purpose of PhAntOM, the data quality monitoring system of
ANTARES which is described in Section 2.3.

2.1 Data Acquisition
The purpose of the data acquisition (DAQ) system is to acquire and process the
data produced by the photo-multiplier tubes (PMTs). Both the arrival times of the
Cherenkov photons on the PMTs and the amount of light deposited is recorded
by the DAQ system. The data are digitised and subsequently transmitted to shore
for off-line analysis. Contrary to other Cherenkov neutrino detectors (AMANDA,
IceCube, Baikal) the data is not filtered by the front-end chips off-shore but onshore by trigger software running on a set of computers. This is the concept of
"all-data-to-shore" (ADTS). It allows the DAQ system to handle the large amount
of data created by the telescope without loosing information.

2.1.1

Readout of the data

A Cherenkov photon arriving at the photo-cathode inside a photo-multiplier tube
(PMT) can liberate an electron with a probability equal to the PMT’s quantum
efficiency. The electron is referred to as a photon-electron (p.e.). It induces an
amplified electrical signal on the anode of the PMT. When the amplitude of the
electrical pulse exceeds a threshold, the signal is digitized by the front-end Analogue Ring Sampler (ARS) chip of the PMT readout system. A voltage threshold
is applied to exclude small signals due to electric noise in the PMT. Its value is
typically equivalent to 30% of the signal induced by a single photon-electron hit.
At the moment of threshold crossing, the ARS provides a time stamp (TS) using a
local clock, an amplitude to voltage converter (AVC) value and a time to voltage
converter (TVC) to interpolate between clock pulses. It also starts the integration
of the anode current over a programmable time interval of typically 25 ns, yielding an estimate of the charge. Time reference is provided by the clock distribution
system.
After digitisation of the PMT’s analogue signal, the ARS is inactive for a period of approximately 250 ns. To reduce the associated dead-time effects on the
data taking, each PMT is read out by two ARS chips, which process consecutively
analogue pulses. The combined digital information on the time and the charge of
the PMT constitute a single photon-electron (SPE) hit. A field programmable gate
array (FPGA) buffers the hits from each ARS into so-called data frames. A frame
contains all hits produced by a particular ARS within a predefined time interval
of typically 13 ms. Time information is provided by the same clock signal as used
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for timestamping of the PMT output signals by the ARS. The digitized data produced by the ARS chips are transmitted to shore via the master control module
(MLCM) by means of an optical fibre system. Each processor in the DAQ system
uses the Ethernet protocol for communication. The local control modules (LCMs)
are operating at a data transmission rate of 100 Mbit · s −1 . The data of the six ARS
chip of each local control module (LCM) is sent via the optical fibres to the master
LCM (MLCM) of the corresponding sector. In the MLCM, the Ethernet links from
all five LCMs in the sector are merged. At the string controle module (SCM), the
optical signals from the six MLCMs of each detection line are collected and sent
to shore via the junction box (JB) through the main electro-optical cable (MEOC).
At the shore, the links are connected to a 1 Gbit Ethernet switch.
All data frames are sent as separate packages to shore, where they are processed by a set of computers which constitute the ANTARES on-line PC farm.
The frames from all ARS chips together make up a timeslice which contains all
data from the 13 ms period. All data contained in a particular timeslice are processed by one PC in the farm. Subsequent timeslices will go to different computers in order to allow each PC sufficient time for processing. The amount of
data produced in the entire detector is too large to be stored for off-line analysis.
Hence, the data needs to be filtered before storage on disk. This is the role of the
trigger. When a timeslice is completed, it is passed to a fast software algorithm
that searches for hits caused by a muon traversing the telescope [24], [25].

2.1.2 The ANTARES Trigger
Background light from radioactive 40 K decay and bioluminescence create uncorrelated hits in the telescope whereas atmospheric muons and signal muon induced by charged-current cosmic neutrino interactions in the media surrounding
the ANTARES telescope will produce hits related in position and time as a consequence of the properties of Cherenkov light. The purpose of the ANTARES trigger is to select these correlated hits in the Analogue Ring Sampler (ARS) pipeline
data streams for digitisation, readout and transfer to the online data processing
system on shore. The system can adjust to the variable background conditions
in such a way as to retain the maximum of useful data and reject as much background as possible without loosing signal. All PMT signals exceeding the low
threshold values are transferred to shore. These hits are referred to as L0 hits.
A L0 trigger is generated internally within the ARS when the PMT output signal reaches the low amplitude threshold designed to select single photo-electron
(SPE) hits (see Section 2.1.1). This causes the charge, the time stamp (TS) and the
time to voltage converter (TVC) value of each accepted SPE hit to be temporarily
stored in a pipeline memory.
The L1 trigger is based on local coincidences within a storey and corresponds
to a local trigger search. This trigger level is used to discriminate between uncorrelated background and muon signals. A local coincidence consists of at least two
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hits on two different PMTs of the same storey within a time window of typically
20 ns. As a consequence the L1 trigger is built out of a time coincidence between
at least two L0 triggers from the same storey. The time window compensates the
internal delays specific to each optical module (OM). The L1 trigger software also
searches for single hits with a large charge. These large hits are selected when the
PMT output signal exceeds the high voltage threshold of the ARS that is typically
equivalent to 3 photon-electrons (p.e.). It is unlikely that these hits are produced
by single photons from uncorrelated background light but could correspond to
two or more hits on the same PMT created by a muon traversing the telescope.
The L1 trigger software sends a readout request to each hit OM of a local storey.
This starts the digitization of all the SPE hits corresponding to a L0 trigger that
have been memorized in the pipeline cells of the ARS chips.

On shore, the trigger software searches for position and time correlations between all hits that were selected by the L1 trigger. A decoding algorithm converts
the raw data of the ARS into calibrated time, charge and geometry information.
During data taking, calibration parameters of the detector are obtained from a table in a database where the measured parameter values of the hardware devices
are stored (see Section 2.2.3). The geometry of the telescope is described in terms
of positions and orientations of the PMTs. The method used to correct the time
information is explained in Section 2.2.3. The time and position of hits created
by unscattered Cherenkov light from the same muon path are correlated. This is
called causality [24]. A group of causally related L1 hits form a so-called cluster.
When the trigger algorithm finds a sufficient number of correlated L1 hits within
a cluster, in any of the directions it is assumed that a muon signal is present in
the data. The data that corresponds to a group of correlated hits found by the
trigger algorithm is referred to as an event. Only events are stored on disk for
off-line analysis. This reduces the amount of data by a factor of about 104 . Events
are written as simple ASCII files. The basic concept of the used data format is
explained in an ANTARES internal note [26]. The trigger software is composed
of several algorithms, each with a large number of parameters. Amoung them
are the trigger1D, the trigger3D and the triggerOB. The trigger1D is a one dimensional trigger which searches for correlated hits from a muon in a single direction. The trigger3D is a three dimensional trigger which searches for correlated
hits from a muon in many directions by applying the trigger1D in each one of
them. The triggerOB is the optical beacon trigger [27]. This algorithm searches
for time and position correlations between hits generated by the optical beacon
device and the rest of the hits. In this thesis we are mostly interested in the optical
beacon trigger for time calibration (see 2.2) of the telescope and the trigger3D for
the detection of high energy cosmic neutrinos.
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2.1.3 Data format
The ANTARES DAQ system uses the ROOT [28] framework to write and read
data. All event files are stored into a CVS software repository, the antares-daq.

The data frames are organised in structures implemented in
classes inherited from ROOT TObject. The data is accessible by mean of the standard STL
methods. The timeslices which contain all SPE hits are structured in the class
   
. The physics events are structured in the PhysicsEvent class. A
physics event contains a list of all SPE hits as well as a list of all hits that made up
the cluster that caused the trigger. The data are organised according to the ARS
identifier and the data type. Each SPE hit contains information such as the IP address of the frame which depends on the identifiers of the ARS and the PMT that
has been hit. Using the Histogrammer package of PhAntOM, the online monitoring system of ANTARES, one-dimensional histograms can be made, such as TVC
distributions of SPE hits from physics events (see Section 2.3). The data format is
described in the ANTARES internal note [26].

2.1.4 The Clock System
The purpose of the clock system is to provide a common timing signal to all frontend chips of the telescope in order to synchronise and control the data flow. This
is essential since the timing of the Cherenkov photons hits from muon tracks
needs to be determined precisely.
The system consists of a main clock generator on-shore, a clock distribution
system made of a bidirectional optical fibre network and a clock signal transceiver
in each local control module (LCM). The on-shore master clock system drives the
slave clock system in the LCMs. It defines a common frequency for all Analogue
Ring Sampler (ARS) chips of the telescope. All clocks are locked to the on-shore
reference clock frequency of 20 MHz that corresponds to a time period of 50 ns.
On shore, the reference clock sends a sinusoidal electrical signal which is converted to an optical signal and transmited to the Junction Box (JB) via the main
electro-optical cable (MEOC) that connects the shore to the JB at the ANTARES
site. A passive splitter inside the JB distributes the signal to the detection lines
of the telescope. In each string control module (SCM), the reference clock signal
is regenerated to compensate for the optical power losses along the 40 km long
MEOC cable. The signal is then distributed to the individual line sectors and
finally to each LCM.
The LCM internal clock register can be reset by an external reset time stamp
(RTS) signal from the on-shore master clock which defines the period for all ARS
chips. In the LCM the received optical signal is converted into an electrical serial
data stream which is transmitted to the six ARS chips. The clock signal is decoded
so any associated run command is also made available to the LCM and to all
associated front-end chips. The ARS counts the LCM clock periods since the last
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reset and provides the arrival time of photons on the PMTs by means of a time
stamp (TS) with a resolution of 50 ns that corresponds to the master clock period.
A Time to Voltage Converter (TVC) is used to interpolate between clock pulses.
It gives an analogue signal proportional to the precise time of arrival inside the
LCM clock period, which is the time between two clock stamps measured with a
resolution of 8 bits corresponding to 50ns × (256) −1 ≈ 0.2 ns. The decoding of the
TS and TVC raw data is necessary to obtain calibrated time information. Time
offsets between the local slave clocks are induced by differences in the optical
path lengths involved in the distribution of the reference clock signal. A precise
measurement of the arrival times of Cherenkov photons on the PMTs requires the
knowledge of these relative time offsets, which are discussed in the next section.

2.2 Relative time calibration
The angular resolution of ANTARES depends on the relative timing resolution of
the photo-multiplier tubes (PMTs) of the telescope. A procedure that can be used
for the relative time calibration of a single line of ANTARES is presented in this
section. This method was applied to time calibrate the prototype instrumentation
line MILOM thus providing preliminary information on the relative time calibration of the entire telescope. An internal ANTARES note [29] describes in detail
the results of this relative time calibration.
The method consists of the measurements of the time offsets between the responses of the ARS chips of the line to a flash of the optical beacon. These time
offsets are required to correct the time information obtained during normal data
acquisition. The optical beacon system is described in Section 2.2.1. The dedicated time calibration procedure using this trigger is described in Section 2.2.2. A
calibration procedure for the TVC of the ARS chips is presented in Section 2.2.3.

2.2.1 The optical beacon system
The system used for the relative time calibration of the photo-multiplier tubes
(PMTs) consists of a number of optical beacons: several LED Beacons and a laser
beacon which can emit short and intense light pulses (few nanoseconds) in the
part of the spectrum to which ANTARES is sensitive (350 − 550 nm). The LED
beacons are fixed onto the optical module frames (OMFs) at four different locations on each detection line of the telescope. They can illuminate up to 10 storeys
of each neighbour detection line. The laser beacon is located on the bottom string
socket (BSS) of the instrumentation line. It can illuminate a large part of the bottom half of the telescope. This offers an important redundancy for the time calibration of the photo-multiplier tubes (PMTs) located on the first storeys of every
string which are less well-illuminated by the LED beacons.
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Besides the laser beacon, the prototype instrumentation line MILOM contained two additional LED beacons, attached to its bottom and top storeys (see
Chapter 1). This set up was used to evaluate the time calibration of ANTARES
ahead of the full production of the twelve detection lines. The beacons are flashed
independently with a frequency of a few hertz emitting a light pulse when receiving a signal from the on-shore clock. The time of emission of the generated light
pulses is being recorded by an internal PMT in each optical beacon.

2.2.2 Relative time calibration of the MILOM
A dedicated optical beacon trigger is used to find correlations between the direct hits generated by the optical beacon and the other hits. The trigger software
searches for frames with an identifier equal to six, which corresponds to an ARS
of the Optical Beacon. This ARS is taken as a reference. The calibrated hit time is
calculated from the calibrated time to voltage converter (TVC) and the corrected
time stamp (TS) values. For more information on the trigger software, we refer
to [24] and [25]. The method that was applied to calibrate the TVC of the Analogue Ring Sample (ARS) chip is described in Section 2.3. Triggered SPE hits from
physics events are selected by the optical beacon trigger and used to make histograms of the time differences between the ARSs of the optical modules and an
ARS of the optical beacon. In figure 2.1 an example of a histogram of the time
differences between a particular ARS of an optical module and an ARS of the
Optical Beacon is shown. As can be seen from the figure, the distribution shows
a clear peak centered on a value close to zero. The fit of a Gaussian distribution
with mean µ and variance σ2 on top of a flat background distribution is shown in
each of the three cases. The fit describes the data well. Typically the mean is less
than 0.20 ns and the variance is about 0.30 ns. This result meets the requirements
of the ANTARES telescope according to which all electronics and calibration systems should contribute less than 0.50 ns to the overall timing resolution in order
to reach the estimated angular resolution of 0.2◦ .

2.2.3 The ARS TVC calibration
ARS TVC decoding
The Analogue Ring Sampler (ARS) chip provides sub-nanosecond time information as binary data: a 24 bit time stamp (TS) and a 8 bit Time to Voltage Converter
(TVC). The Histogrammer module of the package PhAntOM (cf. 2.3) was used to
make TVC distributions. An exemple of the TVC spectrum is shown in figure 2.2.
The ARS has two TVCs which are used alternately to interpolate between consecutive clock pulses. The TVC response is assumed to be linear. TVCs operate
in pairs to correct for the (dead) time the electronics need to come back from the
maximum TVC value to the minimum. As can be seen in figure 2.3, the TVC pe-
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Figure 2.1: Distribution of measured time differences from OMs of the MILOM and the
Led Beacon used as reference. The results of a Gaussian fit are shown. Data were taken
from the run 13440 with the MILOM.
riod has a positive offset with respect to the clock signal. In order to correct for
this offset, both the time stamp and TVC information are needed. Decoding of
the time stamp and the TVC values are implemented in the trigger software [25]
of ANTARES. For each TVC value, the offset has been determined. Once the time
stamp is corrected, the TVC value needs to be calibrated to obtain the hit time.
Ideally, the dynamic range of the TVC is 0 to 255. As can be seen in Figure 2.2,
in reality the dynamic range is restricted between a lower and an upper bound,
TVCmin and TVCmax respectively. A function is needed to translate the TVC binary value into a measure of the time t in nanoseconds. For TVC values between
TVCmin and TVCmax , this function is given as

with

t(ns) = Tslope [0, 1](ns/bit) × (
Tslope [0, 1] =

tvc − TVCmin [0, 1]

Clock Period
TVCmax [0, 1] − TVCmin [0, 1]

)

(2.1)

(2.2)

where tvc is the value of the TVC. The label 0 or 1 stands for the two TVCs
that are part of the ARS. The clock period is set to 50 ns. The two TVC slopes
are assumed linear, as is the time transfer function. Hence only the parameter
Tslope [0, 1] needs to be evaluated for the calibration. The slope can be determined,
once we know the dynamic range of the TVC. Between TVCmin and TVCmax there

36

2.2 Relative time calibration

Figure 2.2: Top: raw TVC spectra. Bottom: corresponding integrated TVC spectra and
fits, as mentionned in the text. Data were taken with the run 11236 with the MILOM.

is exactly one clock period. Any change of these two extrema will result in the
change of the TVC slope. To determine the slope, we calculate the integral of the
raw TVC spectrum. The integral of the TVC spectrum from figure 2.2 (top) is also
shown in figure 2.2 (bottom). As can be seen from the figure, the integrated TVC
signal is indeed a straight line as expected from the transfer function equation 2.1.
The fit function corresponds to a straight line between the two points (TVCmin , 0)
and (TVCmax ,  ), where  is the normalisation of the histogram. The fit result is
shown in Figure 2.2 (bottom). The fit describes the observed distribution well. An
internal ANTARES note [30] is dedicated to the calibration procedure of the TVC
of the ARS. Runs 11236 through 11262 have been used to study the time stability
of the ARS TVC. Data in these runs were collected with the Instrumentation Line
shortly after its deployment. The evolution in time of the variables TVCmin and
TVCmax of the two ramps of the TVC are shown in figure 2.4. As can be seen
in the figure, the ARS TVC dynamic ranges appear to be stable, at least for the
period of time during which the runs 11236 through 11262 were taken. The data
missing in the different histograms of figure 2.4 correspond to the runs 11248,
11254 and 11246 for which there were no SPE hits recorded.
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Figure 2.3: Correlations between ARS time stamp (TS) and Time to Voltage Converter
(TVC).

2.3 The Data Quality Monitoring System
PhAntOM, or “Physics data of ANTARES Online Monitoring” is the data quality monitoring system of ANTARES. The main objective of PhAntOM is to compare ANTARES data with a set of reference histograms, in order to monitor the
change in performance of the main components of the telescope during operations. In an internal note [31], it is explained how to use and install the data
monitoring package of ANTARES. PhAntOM consists of three complementary
software modules: Histogrammer, Comparator, and Histogram Presenter that are
described separately in the next sections. A fourth module, Watchdog monitors
the operational conditions of PhAntOM. The data flow between the various modules of PhAntOM is represented in figure 2.5. The PhAntOM system has been
implemented to operate automatically during data taking with the ANTARES
telescope. The Histogrammer module makes one-dimensional histograms of the
data. The Comparator module compares one-dimensional histograms from two
separate sets, using output files of the Histogrammer for instance. During data
acquisition the program automatically compares the recorded histograms with
a set of predefined reference histograms. If the histograms are not compatible,
an error message is displayed on the screen, and further data analysis will be
necessary to identify the cause of this result. The Histogram Presenter features a
control panel that allows the analysis of histograms created by the Histogrammer
and the Comparator. The Histogram Presenter which can operate on any set of
one-dimensional histograms is described in detail in a separate internal note [32].
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Figure 2.4: Time stability of the dynamic ranges of the ARS TVC. Top: TVCmin spectra
of the first and second TVC slope respectively. Bottom: TVCmax spectra of the first ramp
and second TVC slope respectively. Data were taken from runs 11236 through 11262
with the MILOM.
In the remaining of this section, the other three modules are described (in Section 2.3.1) and the principles of the so-called Kolmogorov-Smirnov test used in
the Comparator are given (in Section 2.3.2).

2.3.1 Software Modules
Histogrammer
The Histogrammer module consists of several programs dedicated to the physics
quantity of interest. The readout system of ANTARES consists of ARSs chips
which digitize the charge and the time of the analogue signals of the photomultiplier tubes (PMTs). The Histogrammer can process the different data types
produced by the ARS. Examples include the values of the time stamp, the time
to voltage converter (TVC) and the amplitude to voltage converter AVC of the
physics events. The Histogrammer builds one-dimensional histograms for each
of the data types produced by ANTARES. For further analysis the histograms
are stored in separate files. The main directory in which the histograms are
stored is divided into subdirectories that correspond to the different data types of
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Figure 2.5: Diagram showing the data flow between the different modules of PhAntOM.
ANTARES. These directories are subdivided further into subdirectories, one for
each variable of interest.
Histogram Presenter
The Histogram Presenter is a stand alone program which can be used to manipulate one-dimensional histograms, using a graphical user interface (GUI). The user
is free to use the program on any file containing one-dimensional histograms. The
Histogram Presenter can also be used to identify a set of reference histograms
for further usage by the Comparator. The installation procedure of the software package and the system requirements are described in detail in [32] which
also contains a description of the main subpanels and buttons of the Histogram
Presenter control window. Via the graphical user interface, histograms can be
imported from a file. The user can browse through system directories and file
structures to select the histograms and display them on the Histogram Presenter main window. A sample picture of the Histogram Presenter graphical interface is shown in figure 2.6. Once the histograms have been accumulated, they
can be edited via a graphical editor. A file selection dialog permits to save the
histograms as a picture in any format. A print option is also available. The dis-
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played histograms can also be scanned to provide numerical information about
the selected histograms.
Comparator
The main purpose of the Comparator is to compare histograms produced by the
Histogrammer package with a set of reference histograms. The program loops
over all the input histograms and searches for the corresponding histograms in
the reference file taking into account the name, dimension, binning, and number
of channels. If the histograms are consistent, two different methods can be applied for the actual comparison: the Kolmogorov-Smirnov test and a bin by bin
comparison. Histograms from the input file are compared one by one with the
corresponding histograms from the reference file.
The Kolmogorov-Smirnov test is one of the most useful and general nonparametric methods for comparing two data samples, as it is sensitive to differences
in both the location and the shape of the empirical distribution functions of the
two data sets. The Kolmogorov-Smirnov test is accurate but it is more sensitive
at points near the median of the distribution than on its tails. The KolmogorovSmirnov test is explained in Section 2.3.2.
The bin by bin comparison is based on the number of standard deviations by
which the data from a histogram deviate from the data of a reference histogram.
The error per bin i of an histogram is computed as the square root of the bin’s
contents xi :
√
σi = xi .
The standard deviation, which is a measure of the spread or dispersion of a set of
data is then defined as:
r
σ = ∑ σi2 .
i

In the bin by bin comparison test, the standard deviation is deduced from the
reference histogram which is considered a perfect description of the true distribution. The difference between the bin contents of a histogram and that of the
reference histogram is calculated for each bin i and compared with the standard
deviation σ. As soon as the difference is significant for one bin, the two histograms are considered incompatible.

2.3.2 The Kolmogorov-Smirnov test
The Kolmogorov-Smirnov test is based on the work of mathematicians Andrey
Nikolaevich Kolmogorov and Nikolai Vasilyevich Smirnov for the comparison
of two one-dimensional data samples. While the χ2 test is designed for discrete
distributions and consequently in the continuous case only approximates the test
statistic, the Kolmogorov-Smirnow test is designed to compare only continuous
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(a) The lower panel is switched to the import mode.

(b) The lower panel is switched to the scan mode.

Figure 2.6: Sample picture of the ANTARES Histogram Presenter window.
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distributions of data. The Kolmogorov-Smirnov test is a non-parametric stastistical test used to determine whether two independent distributions differ, or
whether an underlying distribution function differs from a theoritical distribution, in either case based on finite samples. Non-parametric tests are often used
instead of their parametric counterparts when certain assumptions about the underlying population are questionable. For example, the Kolmogorov-Smirnov
test does not assume that the underlying population is normally distributed whereas its parametric counterpart, the χ2 test does.
The two-sample Kolmogorov-Smirnov test is used to compare two continuous distributions, sn and sm with respectively n and m observations, in order to
determine whether the two independent data samples are compatible, i.e. that
they originate from the same distribution. The computation of the test involves
two empirical distribution functions S N an S M . The empirical distribution function S N (x) is a function of x which is equal to the fraction of data points that are
less than or equal to x for each x ∈ R. For N independent data points y 1 , y2 , . . . ,
y N , ordered from the smallest to the largest value, S N (x) is defined as:

S N (0 ≤ x ≤ yi ) = 0





S N (yi ≤ x ≤ yi+1 ) = Ni





S N (x ≥ y N ) = 1
and hence S N (x) can be calculated using:
S N (x) =

1 N
∑ n(xi ≤ x)
N i=1

where n(xi ≤ x) is the number of points for which xi ≤ x. The empirical distribution is a step function that increases by N1 at the value of each data point.
Kolmogorov suggested in 1933 to estimate the largest distance D NM between the
two empirical distribution functions S N and S M , by measuring the difference in
the y-direction in order to compare the two continuous distributions s n and sm .
If the two samples have been drawn from the same original distribution, the empirical distribution functions of both samples may be expected to be close to each
other. This is the null hypothesis H0 . If the two empirical distributions differ, the
samples come from different populations. This is the alternative hypothesis H1 .

H0 : SN (x) = SM (x)
for all x ∈ R.
H1 : SN (x) 6= SM (x)
for at least one value of x.

The distance or test statistic D NM between S N and S M for each xi is the maximum
deviation between the two integrated distribution functions. It is defined as:
D NM =

max |S N (xi ) − S M (xi )| .

1≤i≤N
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Normalized to the total number of entries, the test statistic becomes:
r
NM
TNM =
D NM .
N+M
The null hypothesis H0 is rejected if the test statistic TNM is smaller than a chosen
critical value α, also called the significance level which defines the sensitivity of
the test.
Assuming the null hypothesis H0 , the probability that the Kolmogorov-Smirnov
test statistic exceeds a value z at t ≤ 0 converges for large values of N and M to
the confidence level of the test α :

 r NM
∞
2 2
D NM > z → α(z) = 2 ∑ (−1)k−1 e−2k z .
lim PH0
n→∞
N+M
k=1
The confidence level of the test α(z) depends on the value z (see [33]). The relevant critical values z can be obtained from software programs that perform a
Kolmogorov-Smirnov test. In practice the value z = 1.36 is commonly used. This
value corresponds to a confidence level α(z) = 0.05 for which the null hypothesis is inadvertently rejected in 5% of the cases when it is in fact true. In the
Comparator module, the Kolmogorov-Smirmov test algorithm as implemented
in ROOT [28] is used to test the compatibility in shape between two one-dimensional
histograms with unbinned data. The returned value is calculated such that it will
be uniformly distributed between zero and one for compatible histograms, provided the data are not binned. The result is 1 if the null hypothesis H0 can be
rejected or 0 if it cannot be rejected. If the returned probability is less than the
chosen confidence level, the two histograms are not compatible.
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