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A small workshop on database tools was held at LIGO Caltech on 22,23 October
1998. LIGO invited four individuals with different backgrounds in the use of
databases and database management systems.  The purpose was to glean
information that would be useful in assisting LIGO to select a database tool for
manipulating LIGO data. Following are materials presented by the presenters.

In attendance at the workshop were:

• Stuart Anderson, LIGO
• J. Kent Blackburn, LIGO
• Chaitan Baru, SDSC DB2/IBM HPSS expert
• Julian Bunn, CACR and CERN CMS Experiment
• Damir Buskulic, VIRGO Annecy Data Group
• Thomas Handley, JPL/Caltech IPAC
• Barbara Kratochiwill, LIGO
• Albert Lazzarini, LIGO
• Walid Majid, LIGO
• Edward Maros, LIGO
• Thomas Prince, LIGO
• Fons Rademakers, CERN/ROOT
• Gary Sanders, LIGO
• Larry Wallace, LIGO
• Rai Weiss, LIGO
• John Zweizig, LIGO



2  LIGO-G980121-00-E

/home/lazz/Meetings/DB_Workshop_9810/DB_Workshop_9810.fm5

Workshop on Databases for LIGO

22,23 October 1998

LIGO Laboratory

Caltech

Pasadena, CA
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Agenda

Thursday 22 October

Introduction - Albert Lazzarini

LIGO Astrophysics - Rai Weiss

LIGO Data Types, Data Products - A. Lazzarini

LIGO Data Analysis System Architecture
                       - Kent Blackburn
LIGO Data Archive - Roy Williams

LIGO Data Uses/Needs - R. Weiss, Daniel Sigg

Presentation by C. Baru, SDSC

Presentation by T. Handley, JPL/IPAC

Presentation by J. Bunn, CERN

Presentation by F. Rademakers, CERN



Introduction
- Albert Lazzarini



4  LIGO-G980121-00-E

/home/lazz/Meetings/DB_Workshop_9810/DB_Workshop_9810.fm5

LIGO LABORATORY SITES
Observatories & Universities

HANFORD, WASHINGTON

- LOCATED ON U.S. DOE RESERVATION

- TREELESS, SEMI-ARID HIGH DESERT

- APPROX. 25 KM FROM RICHLAND , WA (POPULATION :140,000)

LIVINGSTON, LOUISIANA

- LOCATED IN FORESTED RURAL AREA

- MIXED FOREST; LOW-LYING; POOR DRAINAGE

- APPROX. 50 KM FROM BATON ROUGE , LA (POPULATION :450,000)

3001 km
(+/- 10 ms)

CIT

MIT

HANFORD, WA

LIVINGSTON, LA
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LIGO

• NSF funded facility [$290M] dedicated to
interferometric detection gravitational waves in
the 40Hz - 3kHz band arising from
astrophysical processes

• Interferometers are a practical realization of
isolated test-masses in “free fall” -- inertial
frames

›› High power IR laser (10W @ 1064 nm) to sense
displacement with adequately small shot noise

›› Massive, high quality mirriors as test “charges” for gravity
(10 kg,~ /1000 figure error)

›› Long arms (4km) and many reflections of light (~50x) to
magnify effect of gravitationally induced strain on space-
time

›› Ultra high vacuum (p < 10-7 torr) to suppress light
scattering (backgrounds)

›› Large volume (V ~ 10000 m3 per facility)
›› Isolation @ 100 Hz ~ 175 dB from seismic environment

λ
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LIGO

• Two Sites: Hanford, Washington & Livingston,
Louisiana

›› 3000 km baseline isolates sites and helps localize
sources by time (phase) delay of signals

›› Arms oriented “parallel” to one another to maximize
senstivity to same polarization state of the GW

›› Two 4km interferometers & one 2 km interferometer
(Hanford): amplitude discrimination

›› Coincident observations among all three interferometers
reduces terrestrial backgrounds

• Initial Sensitivity: hrms ≤ 10-21 within 100 Hz
band centered at maximum sensitivity [~100Hz]



LIGO Astrophysics
- Rai Weiss





THE RADIATION FIELD
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Parameter Curve 1 Curve 2 Curve 3, 4 Curve 5, 6, 7

Parameter Initial LIGO I value Double suspension,
100 W laser,

thermal de-lensing

Signal tuned
configuration

Alternative
test mass material

Input power
to recycling mirror

6w 62w 140w

Mirror loss
(transmission+scatter)

50 ppm 20 ppm

Effective power recycling 30 93

Substrate absorption 5ppm/cm 0.4 ppm/cm 17 ppm/ cm

Thermal lensing correction (none) factor 10

Suspension fiber steel wire, fused silica
Q = 3 x 107

Test mass fused silica,
10.8 kg,

fused silica,
10.8 kg,

sapphire,
30 kg,

Signal recycling mirror
transmission

(none) T=0.6 (curve 3)
T=0.15 (curve 4)

Curve 5: none
T=0.3 (curve 6)
T=0.09 (curve 7)

Tuning phase 0.7 rad (curve 3)
0.45 rad (curve 4)

1.3 rad (curve 6)
0.45 rad (curve 7)

Figure and Table 1 : Performance and parameters of interferometers described in program.
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Properties of the waves and sources

The waves

• The detector measures h, the field amplitude, directly. Corre-
sponds to an envelope detector in E&M.

• The depth of the observations varies as 1/h, the volume of 

space opened to observation varies as 1/h3 .

• The waves interact weakly with matter - the scattering is negli-
gible. Gravitational waves are the most penetrating interac-
tions in nature.

The sources

• The waves are radiated by the coherent accelerations of large 
aggregates of mass in the source - not strongly by the indepen-
dent motions of many small objects.

• The waves will originate from the inner motions usually 
shrouded in E&M.

                      Back to the beginning, before recombination in the universe
             Inside of a stellar collapse
             At the horizon of a black hole

• Scaling

                              τ
1

Gρ
------------ R

3

GM
---------=≈ GM

  c3 black hole

10-4 sec solar mass BH10-4 sec surface NS
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GRAVITATIONAL BURST DETECTION STRATEGY

Operation of interferometers at widely separated locations

Coincidence measurements: R12 = �wR1R2

�w = �p + 2D=c

D > environmental noise correlation length

Operation of an environmental and instrument monitoring sys-

tem

Reduce R1 and R2.

seismic noise monitor acoustic noise monitor
magnetic �eld monitor radio frequency interference monitor
cosmic ray shower monitor electrical power transient monitor
residual gas column density instrument housekeeping monitor

Operation of a half length interferometer at one site

Gravitational wave signal proportionality to length as a
discriminant.

Triple coincidence detection with some correlation due to
common vacuum system and location.

R123 = (�p + 2D=c)�pR1R2R3

correlations increase accidental triple coincidence by

�R123 = Rc1R2(�p + 2D=c)





IF GRAVITATIONALWAVES ARE DETECTED

Tests of general relativity

� Direct evidence for time dependent metric { waves

� Tests of strong �eld gravity { black hole signatures

� Spin of the graviton { polarization of the waves

� Rest mass of the graviton { propagation velocity

Di�erent View of the Universe

� Most likely inner dynamics of processes hidden

from eletromagnetic astronomies

� Cores of supernovae

� Dynamics of neutron stars and large scale nuclear

matter

� The earliest moments of the evolution of the

cosmic explosion { the Planck Epoch

Serendipity: A new instrument, a new �eld. The precedent is

the unexpected.

Risks: Are the sources strong enough?

Will the technology work at the required level?

PAYOFF IS ENORMOUS



LIGO Data Types, Data Products
- Albert Lazzarini
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LIGO Datastream
Characteristics

• LIGO datastream consists of continuous
broadband signals

›› Audio frequency (16384 samples/s, 16 bit) digitization &
acquisition of key channels (lower sample rates for
ancillary channels)

›› LIGO detection band: 40 Hz < f < 3 kHz

• No directionality
›› Require signal processing to deduce source locations

– modulation of CW sources due to Earth motion

– Time delay between coincident responses along 3000km
baseline
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LIGO Datastream
Characteristics (cont.)

• LIGO signals expected to be at limits of
detectability

›› Instantaneous SNR ~ 10-4(strong chirp;pulsars)
(weakest EM pulsars: SNR ~ 5 x 10-3, require Tint~ hours
to detect)

›› Need to integrate over entire (most) of the waveform to
generate detectable SNRs (~ 10).

›› Requires coherent detection & signal processing
›› False alarms: validation of an “event” requires ability to

preclude all other (terrestrial) interpretations -- vetoes

• LIGO acquisition data rates are high
›› Many parallel channels of instrumentation to monitor

instrument behavior, environment, anthropogenic
disturbances, ...

›› GW channel: 100kB/s for three interferometers (IFOs)
-- 16384 samples/s @ 2bytes = 32kB/s per IFO

›› Data acquisition is ~ 10 MB/s for 3 IFOs
– 573 channels per IFO (only 1 is GW channel)

– 610 channels on physical environment monitors (PEM) (at
each site)

››  Science (astrophysics) channels constitute as little as ~
[100 kB/s]/[10MB/s] ~ 1%
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Initial LIGO Sources

Table 1: Initial LIGO Sources and Estimated Analysis Capability Requirements

Sources
Initial LIGO
Performance

Estimate

Data Analysis Requirements

CPU Storage Comments

B
ur

st
 S

ig
na

ls

Supernovae &
Accretion-induced

collapse
of white dwarfs

@ 15 Mpc
If sufficiently asymmet-

ric; however,

expected to be signifi-
cantly less than

10-7 Msolar

Minimal Minimal
Need PEM/houskeep-

ing data for veto

• On-line analysis desir-
able for correlation with
other astrophysics:

EW

•  visible/radio/

•
Gravity

• VIRGO/GEO
• Resonant bars

• Waveforms unknown
• 2x/3x IFO correlation

of events
BH/BH Collisions

 @

500 Mpc;

C
hi
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ed

 W
av
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or

m

NS/NS Inspirals
 (?)

@ 23 Mpc;

for

36 x T
inspiral

= 360s

7.2 GFLOPS (WA)

330 MFLOPS (WA)

Templates/Data

5 GB / 24 MB

41 MB / 4 MB

• On-line analysis
appears feasible down to

1 Msolar

• 1x/2x/3x correlations
feasible depending on
SNR.

• Coalescence event may
generate correlated
(EW) signals as above.

• PEM/housekeeping
needed for vetoing

• Template matching
(Wiener filtering) or
wavelet analysis in f-t
domain.

BH/BH & NS/BH Inspirals

@ 150 Mpc;

for

36 x T
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= 60 s
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Initial LIGO Sources

Table 2: Initial LIGO Sources and Estimated Analysis Capability Requirements

Sources
Initial LIGO
Performance

Estimate

Data Analysis Requirements

CPU Storage Comments

P
er
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c
S
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l

Pulsars with mass
asymmetry

Only directed searches fea-
sible for nearby sources

10 GB for 106s (GW
waveform)

• Off-line analysis
• Detection less sensitive

to non-Gaussian noise;
more sensitive to cali-
bration drifts.

• Detection techniques as
for pulsars -- narrow line
sources with modulated
frequency.

• Correlations among
interferometers may be
performed (if needed)
after detection.

• A 4  sr. search requires
decomposition of the
sky into a very large
number of pixels. Exact
number is sensitive
details of stacking.

B
ro
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S
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Stochastic
Background

Minimal requirements --
analysis may done on sin-

gle workstations;
study of systematic corre-

lated noise effects may
require significantly more

processing.

• Off-line analysis
• Requires multiple inter-

ferometers to be corre-
lated
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LIGO Data Analysis
Challenges

• Techniques are those for detecting the possible
presence of weak signals embedded in noise
(radar, sonar, pulsar searches, ... ):

›› Continuous processing of interferometer output
›› Parallelization
›› Frequency-domain spectral analysis (spectral cross-

correlation)
– Optimal matched filtering; [1-3] x 104 physics-based

templates; 90+% of CPU time spent of Fourier
transformations.

– Frequency-time analyses (spectrograms, Wigner-Ville
distributions, etc.); pattern/ridge detection (2-D)

›› Wavelet analysis; novelty detection; phenomenology
›› Kalman filtering to remove instrumental signatures -- data

conditioning

• Data archival & Distribution
›› volume reduction by 10X => reduction/veto algorithms
›› access to archived data => database engine/network

tools
›› 100% processing => computational power

– LIGO inspiral search requires ~300 kFLOP/Byte of data
– This is much higher than typical processing requirements

– radar/sonar ~ 100 FLOP/Byte (many fewer templates,
shorter durations!)

– directed EM pulsar searches ~ 1 kFLOP/Byte
– Compare: blind EM pulsar searches ~ 100-1000 kFLOP/Byte
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LIGO Data Flow (Model)
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LIGO Data Products/Types

• The full [raw] detector datastream will be
acquired and recorded as data frames.

›› Format for data frames has been unified with VIRGO in
anticipation of being able to share software (now) and
data (at some future date)

›› Other major interferometer projects have adopted
standard
– GEO

– TAMA
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LIGO Datastream
Frame Design

[Ref. LIGO Frame Format chart, B1 at end of talk]

• Frame is (structured) self-contained snapshot
of data for a period of time

– GW channel & ancillary IFO channels
– Environmental monitoring (veto) channels
– Facilities/Vacuum health & status
– Hierarchical organization of data reflects IFO

subsystems for more efficient veto utilization
• Full datastream could be ~ 300TB/yr

– Plan to reduce (and compress) to ~ 50 TB/yr

Frame 1 Frame 2 Frame 3 Frame 4 . . .

Channel 1

Channel 2

Channel 3

Channel n

. .
 .

GW Signal

Interferom
eter

S
ignals

E
nvironm

ental
S

ignals
H

ealth/S
tatus

S
ignals

GPS Time

Veto - 1

Veto - 2

. .
 .

o 3 Os

 16 M
B

/s

 13.5 M
B

/s
 2.5 M

B
/s

NewCalib NewCalibOldCalib OldCalibCalibration

32 kB/s



15 LIGO-G980121-00-E

Frame Format Implementation
Frame Composition

FILE

FRAME

TYPICAL STRUCTURE

FILE HEADER (1 per file)

FRAME

END OF FILE (1 per file)

FRAME HEADER (1 per frame)

DICTIONARY*

DATA CLASSES

END OF FRAME (1 per frame)

LENGTH

DATA CLASS

AGGREGATE DATA
(VECTOR W/ VARIABLE TYPES)

COUNTER FOR INSTANCE
OF CLASS IN FRAME

FRAME MAKE-UP

STRUCTURE MAKE-UP

FILE MAKE-UP

* Dictionary structure behavior is unique in that:
1. It preceeds header for first frame of file;
2. Dictionary is built up incrementally as addititional 
structures are incorporated into frame
3. It is valid for entire file (persistent)
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Lightweight Data Format
XML

• Reduced, processed, or otherwise non-frame
data will be recorded in a LIGO-standard
lightweight data format (LigoLW)

›› Metadata (data about data: frame catalog indices,
operator logs, textual data, etc.)

›› Event data [event specification still TBD]
›› Spectra, time series snippets, intermediate analyses

performed with commercial/public-domain tools
(MATLAB, Mathematica, ROOT, Triana, ...)

›› LigoLW is based on XML to anticipate web-distribution,
network distributed processing
– Metadata: tags, keywords, elements, attributes

– Data: encoded binary; ASCII; raw binary(?); other objects; ...

• Need a lightweight format to complement
frames:

›› interprocess data communications (@ socket level)
›› easily readable/parsable format for end users

– quick-look products, single channels
– spectra
– plots
– events
– metadata

›› estimated data volume: ~600 GB/yr reduced data;
~135 MB/yr metadata
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LDAS Reduced Data and Metadata - C1
Basis of size estimate

SOURCE Data Data Types #Parameters
#Bins

#Pixels
#Samples

#Bytes/Unit #/Hr LW Data
Volume/Year

[GB]

MetaData
Volume/Year

[MB]

LIGO -
 Interferometer

Machine
state vector

String[XML] 2048 1 10 0.0 90

Binary 128 1 10 0.01 0.0
Operator Logs Strings 20480 1 20 0.0 180

Graphics[JPEG] 32768 1 10 2.9 89.8
Diagnostics Video 4096 1 60 2.2 538.6

Spectra/Fast Scopes 2048 2 20 0.7 179.5
Calibrations - Spectra 2048 4 10 0.7 89.8
Calibrations - Coeffi-

cients
4096 1 10 0.4 89.8

Calibrations - Matrices 2048 4 10 0.7 89.8
Triggers/Discrete

Logic
128 2 60 0.1 538.6

Frame Data Catalog String[XML] 1024 1 3600 0.0 64630.0
LIGO -

 Environment
[PEM]

Facilities
state vector

String[XML] 512 1 10 0.0 134.6

Seismometers Spectra 1024 2 60 1.1 538.6
Magnetometers Spectra 1024 2 60 1.1 538.6

Tiltmeters Time Series@0.1 Hz
 Stored 1/Hr

16 1 360 0.1 9.0

Acoustic Sensors Spectra 8192 2 60 8.6 538.6
Diagnostics -
Calibrations

Matrices/coefficients 2048 1 0.41666667 0.01 3.7

Diagnostics -
Triggers

String[XML]: Model
parameters

1024 1 0.41666667 0.004 7.5

Discrete logic 128 2 60 0.1 538.6
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LDAS Reduced Data and Metadata - C2
Basis of size estimate

SOURCE Data Data Types #Parameters
#Bins

#Pixels
#Samples

#Bytes/Unit #/Hr LW Data
Volume/Year

[GB]

MetaData
Volume/Year

[MB]

Non-LIGO Seismic String[XML] 512 1 10 0.0 89.8
Electromagnetic storms String[XML] 256 1 100 0.2 897.6
Astrophysics - GRBs String[XML] 256 1 0.04 0.0 0.4

Astrophysics - neutrinos String[XML] 256 1 0.00 0.0 0.0
Astrophysics - visible String[XML] 256 1 0.00011408 0.0 0.0

Astrophysics - gravitational String[XML] 2048 1 10 0.2 89.8
LDAS Events Event Lists String[XML] 2048 1 3600 64.6 32315.0

Images/Graphics[GIF] 8192 2 3600 517.0 32315.0
 Total Database [GB]             == > 600.8 134.5
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LigoLW
Example -- Metadata

<?xml version="1.0"?>
<!DOCTYPE LIGO_LW SYSTEM "Ligolw.dtd">
<LIGO_LW>
<!-- First the Metadata ------------------------------ -->
  <Metadata>
    <Creator>Tom Prince</Creator>
    <Creator>Roy Williams</Creator>
    <Date>28 Sept 98</Date>
    <Comment>LIGO power spectrum of 32 magnetometers at 64 frequencies</Comment>
    <Key>
      <Name>LIGOType</Name>
      <Comment>The Ligo data type is defined here...</Comment>
      <Value>Power Spectrum</Value>
    </Key>
    <Key>
      <Name>StartDate</Name>
      <Comment>Can't remember exactly but this date is close!</Comment>
      <Value>03/21/97</Value>
    </Key>
    <Key>
      <Name>FreqSamp</Name>
      <Unit>Hz</Unit>
      <Comment>This is the sampling frequency</Comment>
      <Value>1024</Value>
    </Key>
  </Metadata>
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LigoLW
Example -- Data

<!-- Now for the Data objects ------------------------- -->
  <Object>
    <Name>Magnetometer</Name>
    <Array>
      <Dimension>64</Dimension>
      <Dimension>32</Dimension>
      <Type>double</Type>
    </Array>
<!-- This Array is at Cacr, Hanford, and on a tape -->
    <Link>
      <Encoding>bigendian</Encoding>
      <Timeout>600</Timeout>
      <Ref>file://hpss.cacr.caltech.edu/magval_09_25_97.bin</Ref>
    </Link>
    <Link>
      <Encoding>base64</Encoding>
      <Ref>file://hanford.ligo.caltech.edu/magval_09_25_97.bin</Ref>
    </Link>
    <Link>
      <Ref>tape://347846-6/756473</Ref>
    </Link>
  </Object>

<Object>
    <Name>Magscale</Name>
    <Array><Dimension>32</Dimension></Array>
<!-- Embedded data -->
    <Data>
      1.28374 1.23453 1.94847 2.148474 2.39484 2.84746 3.10928 4.92827
      5.28374 5.23453 5.94847 6.148474 6.39484 6.84746 7.10928 8.92827
      9.28374 9.23453 9.94847 10.18474 10.3984 10.8446 11.1928 12.9827
      13.2874 13.2453 13.9847 14.18474 14.3984 14.8446 15.1928 16.9827
    </Data>
  </Object>

<Object>
    <Name>Magoffset</Name>
    <Comment>This is the magnetic offset</Comment>
    <Array><Dimension>32</Dimension></Array>
<!-- Data follows from the end of the previous Object in the same stream -->
    <Follows/>
  </Object>

</LIGO_LW>
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Database Management Systems
DBMS

• LIGO has four data types that need to be
managed:

›› raw, framed data -- HPSS or equivalent network file
system - ~100TB [2 years of data @ 10X reduction]

›› lightweight data -- HPSS or database management
system (DBMS) - ~1 TB [2 years of data]

›› events (as they are generated, cataloged) -- DBMS -? GB
›› metadata -- DBMS - ~300 MB [2 years of data]

– catalogs & indices
– operator logs
– trends and high-level descriptions of detector performance
–

• Process of deciding DBMS for LIGO
›› Options to be considered:

– relational [deemed sufficient for LIGO needs]
– ORACLE (CIT license for campus MIS)
– PostgresSQL (INFORMIX precursor; public domain -

‘free’)
– miniSQL (similar to above)

– object-oriented DBMS
– Objectivity

›› Issues: Buy-in costs; operational costs; upgrades if we
start too low; metadata only vs (metadata+data); ...

›› Want a decision by January 1999
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Database Management Systems
DBMS

LIGO data flow

• Constraints
›› Data are generated at two observatories
›› Data are shipped [raw frames]/

transmitted[LigoLW,metadata] to Caltech
›› Data are processed at Caltech for reduction and ingestion

into the archive
›› Shipping & transmission processes are a “steady-state”

flow 365 days/year.
›› Data ingestion & reduction must keep up with data arrival

-- around the clock prospect @ Caltech

• Availability
›› Very recent data [T < 16 hours] available only from

observatories on-line disk cache
– Framed, raw data

– Metadata, lightweight reduced data from on-line processing
›› Recent data [16 hours < T< 2 weeks] may NOT be

available (in transit, not yet ingested)
– Framed data only as backup media at observatories --

retrieval could prove difficult
– Metadata, lightweight data transmitted

›› Older data [3 weeks < T < 2 years] available only from
Caltech archive
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Database Management Systems
DBMS

LIGO data flow

• Consequences
›› Database management systems must be “aware” of

different segments of the database and their locations
›› Seamless update of location metadata as data inventory

moves around

• Users
›› Access to DBs must be provided to LIGO staff at all four

sites: Hanford, WA; Livingston, LA; Caltech; MIT
›› In addition as LIGO comes on-line as an astrophysics

facility, collaboration scientists will need to access
databases
– Syracuse

– Penn State

– Univ. Wisconsin

– LSU

– Univ. Fla

– Univ. of Oregon

– ... and growing
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Database Management Systems
DBMS

• Data use model
›› Many data PERUSERS:

– Trend data summaries.

– Logs

– Metadata

– Download data to local workstation
›› Many (but fewer than PERUSERS) data USERS:

– Diagnostics

– Regressions

– Modeling

– Debugging

– Algorithm debugging/prototyping with data

– Download data to local workstation ...
›› Few data ABUSERS:

– Gigapoint FFTs;

– End-to-end analysis of 250 GB of data (3 month integration of
the GW channel)

– Regression of 10 x 10 channels for the last 6 months...

– Process data at Caltech LIGO Archive using CACR
resources
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Database Management Systems
DBMS

• Unresolved issues for LIGO:
›› What fraction of data is stored in DBs and what fraction is

on unix file systems?
– Raw data [100TB] on HPSS or equivalent robot with ~1TB

disk cache connected to servers
– Metadata are in a DBMS, supporting queries/sorts/etc.

– Lightweight data could be in either place ...?
›› Does LIGO need web-based DBMS licenses (expensive),

or can we require users to set up local Caltech/LIGO
accounts and rlogin/telnet/ssh in to use resources?

›› How many users will we have?
– Plan for tens of perusers;

– One dozen users;

– <5 “abusers”;
›› Do we need “industrial-grade” security? At what price? At

what inconvenience?
›› If we commit to tables-only relational DBMS solution,

when (if ever) will we outgrow it?
– Will we experience a graceful degradation or abrupt

cessation of quality?
– How complex will an upgrade be? Time consuming?



LIGO Data Analysis System Architecture
 - Kent Blackburn
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WEB API
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who, what, how, why



Who are the Users of LDAS?
Peruser (60%)

Trends
Audio/Video/Heartbeat
Highly reduced data
Long-term summaries
Candidate events
Emphasis is Reliability and Ease of use
interface: Browser and GUI

User (30%)
Data downloads
Mining
Exploration/Visualization
Applying filters from a menu
Custom summaries
Emphasis is Reliability and Functionality
interface: GUI and Command-line and Browser

Implementer (10%)
Algorithm development
Compiling and Linking
Stressing archive and computing
Emphasis is Reliability and Efficiency
interface: Command-line

Menu of Data

Menu of Data Customization

I’ll do it My Way
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Requests are Queries and Scripts (not Filenames)
Responses are Objects and Streams (not Files)

Query input
Keyword-value, for example in input to the frame catalogue
Tmin=1998_09_19_09_34
Tmax=1998_10_03_09_34
Tgap=3600

SQL-like
SELECT Channels.IFO, Channels.Lock AS Expr FROM Channels
WHERE ((Channels.Lock.Value>55) AND (Time > T0) AND (Time < T1));

XML
<Input><Link>jdbc://db.ligo.caltech.edu/.....</Link></Input>
<Query><SQL>SELECT Apples,Bananas from Fruit</SQL></Query>
<Filter><Heterodyne freq=”500Hz”/></>
<Output><Format>Frame</Format>

Query Output is Objects and Streams
-- read by human, read by computer

Frames
Virgo-Ligo standard

Web pages
with graphs, tables, etc

LigoLW (an XML dialect)
Catalogue
Array, Table, Frame, MimeObjects

DAQD real-time protocol
other real-time eg. heartbeat monitor



Some Foundation Services
Frame files

Give me a file (equivalent to ftp)
FILE=14nov94.1/94-11-14-10-21-54

Give me the data and format that I want
CHANNEL=seismometer
FORMAT=SDF

Intelligent requests
Give me certain channels between Tstart and Tend
But only when conditions are satisfied
When there is a long contiguous chunk
In the format that I want

Metadata about the frames  (the "Frame Catalogue")
When is the instrument working? 

Tstart=76083737,Tend=76086574

produces a list of time intervals
76083737 76083739
76083743 76083748
76083760 76083769

Given a frame file, what are the names of the channels in it?

Multimedia
Images of beam shape

External events
Such as earthquakes, gamma-ray bursts
Each event has a time, a significance, and "other data", with XML table output

76083737 3.78 blah blah
76086458 2.33 blah blah

Candidate events from Ligo data,
Given a time interval T0,T1 what is in the collection
From which template set?
Authority information such as authors, likelihood, processing documentation

Instrument Calibrations and Settings
Hierarchical
Historical.
Collections of comments logged by operators



Bakeout database
"A Micro-Scale model of LDAS"

Online at http://www.cacr.caltech.edu/ligo/bakeout

Data arrives each week as ~80 Mbyte MS Access database
        representing a table with 700 channels, measured each minute (10000 rows)

Access DB is ingested, creating metadata and binary objects
        Ingestion is administered via web interface
        Takes 3 hours on WindowsNT machine with WebBase software

Foundation server runs on CACR web server
        Stitches together different patches of the quilt (table)
        Can run from a basic form interface to the Foundation Server or from the
                Presentation Service (Tcl GUI) showing map of the beamtube

Foundation server is independent of Presentation server (Tclet)
        Communication through agreed query language
                Request: Tmin, Tmax, Tgap, list of channels
                Response: Table of results in ASCII

Next:        Next bakeout, Gas analyser, Weather, Operator logs



LigoLW
An XML language for Scientific Data Objects and Metadata
“A Human-Readable Object Serialization”

Observation: Scientific data is generally two parts:
           Metadata (parameter files, file headers, lists of filenames)
        + Data (large, binary)

Metadata can be written as:
        Name = Value (+ units + comment)     the "Key" element of LigoLW

Data can be:
        "pure" binary, eg 10^7 doubles
                representing Array, Table, Frame etc.
        a specific file format  (eg. Fits, Frame, Jpeg)
                inherited from MIME-typed files
        -- or a collection of the above        the "Objects" of LigoLW

LigoLW is good because:
       --  It can be read by computer or human (also sorted, edited, browsed)
       -- Based on industry-standard XML
       --  Can be Metadata only or Metadata+Data
       --  Flexible specification of data location and encoding
       -- Can be used as "catalog card" for files in other formats
       -- Many parsers in many languages available
       -- Hierarchical, Extensible and Flexible
       -- No special equipment necessary but sophisticated tools available

Status
        Specified at theoretical level 
                LIGO T980091-00
                http://www.cacr.caltech.edu/ligo/ligolw
        First implementation (R.Williams & S.Anderson):
                Pulsar detection stacks from 40-meter data converted
                        to LigoLW, plus parser and browser.
        In progress:
                Extend LigoLW with Frame metadata (W.Majid)
        Next:
                Bakeout data delivered as LigoLW tables
                Frame catalogs from 1997 runs delivered from DBMS 
                        as LigoLW
        Firmer specification 99Q1 in light of experience.



LIGO Visualizations
Like this?



Data Viewer
(H. Ding, LIGO Data Acquisition)



Data Viewer
(H. Ding, LIGO Data Acquisition)



Data Viewer
(H. Ding, LIGO Data Acquisition)



What can we do with the Data
Find all the multichannel events which have the same shape as this one

-- this is where the relational model is not so good
-- Does Ligo have “event signatures” to decide how to classify it?

Take some raw data, do some analysis, store the results in the database
-- easy to access with API, sorting, reports

Record everything in the database
-- when the instrument has a “random” error, can look for previous examples/precursors

Object and Relational Databases

Object databases are GOOD for
Programming (API)
Navigating and indexing the data
Prefetching
Object placement and clustering

Object databases are BAD
Management
Security
Language is “not quite C++”
Scaloing the administration tools

Relational databases are easier to manage, more scalable, easier to port platforms



Object Example: Hanford Bakeout

The table has 100,000 rows and 690 columns -- temperatures every minute for 
weeks

And the column names change
And there is missing data
And some things are recorded every 15 minutes, not every minute

This is a big table for any RDBMS!
(And this is just the beginning of the bakeout!)

Current solution is objects
Each object is a fully-populated mini-table with some columns and some rows
The software makes the quilt from the patches

Surely these columns are hierarchial ... 
“PUMP_69 assembly consists of 

PUMP_69_1 and PUMP_69_2 and PUMP_69_3”
This is a virtual column . It can be created easily with an object database.

Now lets extend it. How can we get a timeseries from an object database?

public class RealTimeSeries extends PersistentObject {
Real getValue(Time T) {...}
Real GetMovingAverage(Time T, TimeInterval Ti) {...}
PowerSpectrum GetPowerSpectrum(Time Tstart, Time Tend) {...}

}

This is a time series, not just a bunch of numbers



LIGO Data Uses/Needs
- Rai Weiss

- Daniel Sigg
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Reduced Data Sets

• How to get one’s arms around the data?
››  Small enough body of data to enable on line analysis

››  Methods to “visualize” the state of the system

››  Methods to characterize the stationarity of the noise

››  Fast methods to discern changes

–  Diagnostics

–  Unexpected sources and surprises

›› Easy recognition of out of bound conditions

EXAMPLE :

• Dark port data using current best estimators in:
››  regression to environmental parameters

››  regression to ancillary interferometer signals

››  calibration in h(t) or h(f)

››  removal of instrument signatures
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Reduced Data Sets

• Statistical information

›› simple variances: rms, h2 (f) vs t (“sonograms”)

›› averaged cross power spectra between dark port and
other signals

›› the results of a covariance analysis - principal value
decomposition of the spectral components

–  eigenvalues and eigenvectors

• Atlas of detected waveforms
›› Wavelet characterization

–  amplitude

–  rate of occurence
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• Efficient storage management of very large
collections
• 100’s of 1TB data sets
• 10^6 to 10^9 of 1K data sets

• Ad hoc querying to identify data sets
• Access to distributed collections
• Ability to manage collections for multiple

disciplines
• Representation and querying of semistructured

metadata / data

Challenges and Needs
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DICE Technology Solutions
• HPSS
• Storage Resource Broker (SRB) with

Metadata Catalog (MCAT)
• Integrated DB2/HPSS system
• SDSC Encryption and Authentication system

(SEA)
• IBM Digital Library, GPFS, Datalinks,

Oracle/DB2/Informix DBMS
• XML-based mediator system
• Object-based information model and use of

XML for representation
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The SDSC Storage Resource Broker
(SRB)
Application
(SRB client)

Distributed Storage Resources
DB2, Oracle, Illustra, ObjectStore HPSS, UniTree UNIX, ftp

MCATSRB Server
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SRB

UniTree HPSS DB2 Illustra Unix

Application

Architecture of the SRB Agent

SRB APIs

User Authentication
Dataset Location
Access Control
Type
Replication
Logging

Metadata
Catalog
MCAT
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SRB Features

• Support for Collection hierarchy
• grouping of heterogeneous data sets
• hierarchical access control, with ticket mechanisms

• Replication
• optional replication at the time of creation
• can choose replica on read

• Proxy operations
• supports proxy move and copy operations

• Monitoring capability
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MCAT Features

• Stores system and user/application-specific metadata for
data sets (and storage resources) based on relational
model

• API for ad hoc querying of metadata attributes
• Ability to define new schemas
• Data sets can be associated with multiple schemas
• Ability to modify schemas
• Can relate metadata attributes across schemas
• Implemented in Oracle and DB2
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DB2/HPSS Integration

• Collaboration with IBM TJ Watson Research Center
• Features:

• Prototype, works with DB2 UDB (Version 5)
• DB2 handles DCE authentication and read/write to HPSS
• HPSS file is defined as a DB2 container
• Regular as well as long (LOB) DB2 columns can be in HPSS
• DB2 can also manage an optional disk cache between DB2 and HPSS
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Database Table
C4 C5C1 C2 C3

DB2/HPSS Integration
Create Long Tablespace 
HPSS-SPACE 
Managed By Database Using

FILE (HPSS <hpss-filename>  <size>
           DISKBUF <path> <size>);

DB2

HPSS

DB2
Disk
cache

Create Tablespace
REGULAR-SPACE 
Managed By Database Using

FILE (<unix-filename>  <size>);

Create Table
SAMPLE-TABLE 
(C1 int, C2 float, C3 char, 
 C4 CLOB, C5 BLOB)

In REGULAR-SPACE
Long In HPSS-SPACE

HPSS
Disk
cache
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Datalinks

C1:int  C2:char  C3: datalink(URL)

• Referential Integrity
• Backup
• RecoveryDatabase (DB2)

DLFM
url:host/path

ADSM
Client

ADSM
ServerHPSS

Server

HPSS
Client

DLFF

Table

/u/mypath/myfile
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XML-Based Mediator System

Mediator

Wrapper

Active
View 1

Convert from XML-QL 
to local query language,
and from local format to
XML data

SQL Database

Wrapper Wrapper

Spreadsheet Proprietary, e.g. POM

Local Data
Repository

XML-QL
XML data

XML-QL
XML data

Mediator supports active 
views (“on-demand” vs. “push”)

Active
View 2
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Object-Based Information Model

A2

A1

B1

C1

D1
r1

Resolution link, r2

Derivation link, d2

d1

User-defined Link, UDL1

E1

Data object is associated
with a data descriptor (metadata)
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A2

A1

B1

C1

D1
r1

Resolution link, r2

Derivation link, d2

d1

User-defined Link, UDL1

E1
MyLandsat

Data Descriptor (metadata)

Landsat

Image

Base Object

Type Hierarchy

• Data descriptors may be semistructured (XML representation)
• Objects can be represented using XML

ss data

ss data
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The IBM Digital Library
Application
(DL client)

Metadata in
DB2 or Oracle

 Videocharger       DB2            ADSM           Oracle

Library Server

Text and Image
indices

“Federated” search

Object Server

Distributed storage resources

Supports workflow
concepts
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Unresolved Issues
• Ubiquitous security mechanism
• Support for versioning (database and schema)
• Support for “time travel”

• access to archives
• incorporation/integration of predictive models in/with database

• Details of wrapping and mediation
• Need for information flow models (like workflow)
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➨ %XLOG�D�VPDOO�VFDOH�SURWRW\SH�5HJLRQDO�&HQWUH�XVLQJ�

➨ 2EMHFW�2ULHQWHG�VRIWZDUH��WRROV�DQG�'%�PDQDJHPHQW�V\VWHP

➨ /DUJH�VFDOH�GDWD�VWRUDJH�VRIWZDUH�DQG�HTXLSPHQW

➨ +LJK�EDQGZLGWK�:$1�DQG�/$1V

➨ 0HDVXUH��HYDOXDWH�DQG�WXQH�WKH�FRPSRQHQWV�RI�WKH�&HQWUH

IRU�/+&�3K\VLFV

➨ 8VH�PHDVXUHPHQWV�RI�WKH�SURWRW\SH�DV�LQSXW�WR�VLPXODWLRQV�RI

UHDOLVWLF�/+&�&RPSXWLQJ�0RGHOV�IRU�WKH�IXWXUH

7KH�*,2'�3URMHFW�*RDOV
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:K\�2'%06�"

➨ 22�SURJUDPPLQJ�SDUDGLJP

➨ 1HHG�WR�PDNH�VRPH�RI�RXU�REMHFWV�´SHUVLVWHQWµ

➨ 5HTXLUH�SHUVLVWHQW�REMHFW�ORFDWLRQ�WUDQVSDUHQF\

OO programming paradigm

is the modern, industry direction

supported by C++, Java high level languages

excellent choice of both free and commercial class libraries

suits our problem space well: rich hierarchy of complex data types (raw
data, tracks, energy clusters, particles, missing energy, time-dependent
calibration constants)

Allows us to take full advantage of industry developments in software
technology

Need to make some of our objects “persistent”

raw data

newly computed useful objects

an object store that supports our evolving data model

Require persistent object location transparency

No huge “logbooks” containing correspondences between event numbers,
run numbers, event types, tag information, file names, tape numbers, site
names

No worries about software versions used to create persistent objects:
should be done “automatically”
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:K\�2'%06�"��FRQWLQXHG�

➨ 5HTXLUH�D�GLVWULEXWHG�REMHFW�VWRUH�WKDW�VFDOHV�WR�PDQ\�3HWD%\WHV����A��
%\WHV�

➨ 1HHG�UHSOLFDWLRQ�RI�ODUJH�IUDFWLRQV�RI�WKH�REMHFWV�WR�FROODERUDWLQJ
LQVWLWXWHV�

➨ 1HHG�WR�DFFHVV�WKH�GDWD�IURP�D�ODUJH�YDULHW\�RI�VRIWZDUH�DSSOLFDWLRQV

➨ 3UREDEO\�FDQQRW�DIIRUG�WKH�PDQSRZHU�WR�GHYHORS�DQG�PDLQWDLQ�RXU�RZQ
2'%06�

Require a distributed object store that scales to many PetaBytes (10^15 Bytes)

RDBMS wont cut it: think of a virtual table with 10^9 rows and many
many columns - just for events accumulated in ~1 year of LHC operation

Need replication of large fractions of the objects to collaborating institutes:

Achievable transparently across the network or when using freight of
tapes/DVDs

Object store must keep track of location and access mathod for all objects
in the networked, distributed system

The user shouldn’t be concerned with the location of objects in the system

Need to access the data from a large variety of software applications

Need several language bindings

Need support for major operating systems (NT and Unix odours)

Need standards conformance(safely predict C++ -> Java -> ?? -> ?? before
2025)

Probably cannot afford the manpower to develop and maintain our own ODBMS.
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:K\�2EMHFWLYLW\�"

➨ &RPPHUFLDO�2'%06

➨ $W�OHDVW�RQH�FRPPHUFLDOO\�DYDLODEOH�2'%06���2EMHFWLYLW\���DSSHDUV�FDSDEOH
RI�KDQGOLQJ�/+&�GDWD�YROXPHV�

➨ 9HU\�ODUJH�2EMHFWLYLW\�GDWDEDVHV�FDQ�EH�FUHDWHG�DV�´)HGHUDWLRQVµ�RI�YHU\
PDQ\�VPDOOHU�GDWDEDVHV��ZKLFK�WKHPVHOYHV�DUH�GLVWULEXWHG�DQG�RU�UHSOLFDWHG
DPRQJVW�VHUYHUV�RQ�WKH�QHWZRUN

➨ ,�2�SHUIRUPDQFH��RYHUKHDG�DQG�HIILFLHQF\�DUH�YHU\�VLPLODU�WR�WUDGLWLRQDO
+(3�V\VWHPV��´=HEUDµ��´%26µ�ZLWK�)RUWUDQ����

➨ 7KH�EHVW�FKRLFH�ULJKW�QRZ

Commercial ODBMS

embody hundreds of person-years of effort to develop

tend to conform to standards

offer rich set of management tools & language bindings

At least one commercially available ODBMS - Objectivity - appears capable of
handling LHC data volumes.

Very large Objectivity databases can be created as “Federations” of very many
smaller databases, which themselves are distributed and/or replicated amongst
servers on the network

I/O performance, overhead and efficiency are very similar to traditional HEP
systems (“Zebra”, “BOS” with Fortran-77)

The best choice right now in terms of

Architecture (federations, data replication, fault tolerance)

OS support (NT, Solaris, Linux (imminent), Irix, AIX, HP-UX, etc..)

Language bindings (C++, Java, [C, SmallTalk, SQL++ etc.])

Commitment to HEP as target business sector

Close relationships built up with the company, at all levels from the CEO
“down” to the engineers

Attractive licensing schemes for HEP (e.g. CERN and SLAC, BaBar)
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6WRUDJH�PDQDJHPHQW

➨ /DUJH�VFDOH�GDWD�DUFKLYHV�DUH�D�QLFKH�PDUNHW

➨ 1HHG�WR�LQWHUIDFH�WKH�2'%06�ZLWK�D�ODUJH�VFDOH�PHGLD�PDQDJHPHQW�V\VWHP

➨ +366�LV�FXUUHQWO\�WKH�EHVW�FKRLFH

Large scale data archives are a niche market

Continued reliance on Tapes is foreseen

Slow evolution of costs and technology over time.

Reliability not enough to avoid “backup copies”

Need to interface the ODBMS with a large scale media management system

Have chosen HPSS - appears to have scalability into the Petabyte range

HPSS far from being multi-platform, and not yet robust enough for
production use

Heavy investment of CERN/Caltech/SLAC… effort to make HPSS evolve
in directions suited for HEP

Have developed a layer between the ODBMS and the filesystem that
restores newly requested databases from tertiary HPSS storage when
required
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2'%06�ZRUULHV

➨ %RX\DQF\�RI�WKH�FRPPHUFLDO�PDUNHWVSDFH"
➨ ,QWURGXFWLRQ�RI�&RPSXWHU�$VVRFLDWHV

´-DVPLQHµ�SXUH�2'%06��EXW�WDUJHWWHG
DW�PXOWLPHGLD�GDWD�

➨ 2UDFOH�HW�DO��SD\LQJ�OLS�VHUYLFH�WR�22
ZLWK�2EMHFW�IHDWXUHV�´EROWHG�RQµ�WR
WKHLU�IXQGDPHQWDOO\�5'%06�WHFKQRORJ\

➨ %UHDWKWDNLQJ�IDOO�RI�9HUVDQW�VWRFN
➨ 6WLOO�QR�,32�IRU�2EMHFWLYLW\

➨ &RQYHUVLRQ�RI�´OHJDF\µ�2'%06�GDWD�IURP
RQH�V\VWHP�WR�DQRWKHU
➨ ����3HWD%\WHV�YLD�DQ�2'0*�FRPSOLDQW

WH[W�ILOH"�
➨ *RRG�DUJXPHQW�IRU�NHHSLQJ�UDZ�GDWD

RXWVLGH�WKH�2'%06��LQ�VLPSOH�ELQDU\
ILOHV��PD\EH�GRXEOHV�VWRUDJH�QHHGV�
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2YHUYLHZ�RI�WKH�6WRUDJH�DQG�8VHU�9LHZV�RI�WKH�'DWD

+LW

7UDFN

 'HWHFWRU
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2EMHFWLYLW\�WHVWV

➨ 5HVXOWV

➨ 3ODWIRUP�LQGHSHQGHQFH�RI�WKH

DSSOLFDWLRQ

➨ 3ODWIRUP�LQGHSHQGHQFH�RI�WKH�GDWDEDVH

➨ )DVWHVW�DFFHVV�ZKHQ�REMHFWV�DUH

´LQGH[HGµ

➨ 6ORZHVW�ZKHQ�XVLQJ�SUHGLFDWHV

➨ 1R�SHUIRUPDQFH�KLW�ZKHQ�GDWDEDVH

UHPRWH�IURP�DSSOLFDWLRQ

Wavelength λ� Wavelength  λ�

'DWDEDVH�� 'DWDEDVH��

0DWFK�XVLQJ�LQGH[HV��

SUHGLFDWHV�RU�FXWV

��'HYHORSHG�VLPSOH�VFDOLQJ�DSSOLFDWLRQ�

PDWFKLQJ�����V�RI�VN\�REMHFWV�DW�GLIIHUHQW

ZDYHOHQJWKV

��5XQV�HQWLUHO\�LQ�FDFKH��FDQ�QHJOHFW�GLVN

,�2�SHUIRUPDQFH���DSSOLHV�PDWFKLQJ

DOJRULWKP�EHWZHHQ�SDLUV�RI�REMHFWV�LQ

GLIIHUHQW�GDWDEDVHV�

��/RRNHG�DW�XVDELOLW\��HIILFLHQF\�DQG

VFDODELOLW\�IRU

�QXPEHU�RI�REMHFWV

�ORFDWLRQ�RI�REMHFWV

�REMHFW�VHOHFWLRQ�PHFKDQLVP

�GDWDEDVH�KRVW�SODWIRUP
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2EMHFWLYLW\�WHVWV

➨ 2WKHU�7HVWV�
➨ /RRNHG�DW�-DYD�ELQGLQJ�SHUIRUPDQFH��a��WLPHV�VORZHU�
➨ &UHDWHG�IHGHUDWHG�GDWDEDVH�LQ�+366�PDQDJHG�VWRUDJH��XVLQJ�1)6

H[SRUW
➨ 7HVWHG�GDWDEDVH�UHSOLFDWLRQ�IURP�&(51�WR�&DOWHFK
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2EMHFWLYLW\�WHVWV�RQ�([HPSODU

➨ ([HPSODU�XVHG�DV�D�FRQYHQLHQW�WHVWEHG�IRU�WHVWV�RI�2EMHFWLYLW\�ZLWK�PDQ\�FOLHQWV

Exemplar used as a convenient testbed for tests of Objectivity with many clients

Tested clients running simulated Track reconstruction: CPU-intensive with modest I/O.

Event level (coarse-grained) parallelism

N = 15 - 210 reconstruction processes evenly distributed across the Exemplar system.

Data in an Objectivity/DB database federation hosted on the Exemplar.

Objects read with simple read-ahead optimisation layer (gains a factor 2)

Results: Exemplar very well suited to this workload. With four node filesystems it was possible to
utilise 240 processors in parallel with very high efficiency.
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9HUVDQW�WHVWV

➨ (YDOXDWHG�XVDELOLW\�DQG�SHUIRUPDQFH�RI�9HUVDQW�2'%06
➨ &RQYHUWHG�WKH�WHVW�DSSOLFDWLRQ�ZLWKRXW�SUREOHP��WKHQ�PHDVXUHG

SHUIRUPDQFH�LQ�VDPH�ZD\�DV�ZH�KDG�WHVWHG�2EM\

➨ &RQFOXVLRQ��9HUVDQW�D�GHFHQW�´IDOO�EDFNµ�VROXWLRQ�IRU�XV
➨ )ROORZLQJ�WKHVH�WHVWV�ZH�FRQFHQWUDWHG�VROHO\�RQ�2EMHFWLYLW\

Time to Match, Objectivity & Versant
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Predicate on X,Y (Objy,NT) Predicate on X,Y (Versant, NT)

Evaluated usability and performance of Versant ODBMS, Objy’s main
competitor.

Converted the test application without problem, then measured performance in
same way as we had tested Objy

Conversion took ~1/2 a day: minor changes to schema and source code

Systems operation of Versant more cumbersome and time consuming (e.g.
applying schema to each and every database)

API easier to use and offered some convenient built-in features (e.g.
LinkVstr - Objy equivalent is user-constructed ooVArray).

“Predicate” queries seemed better implemented: certainly faster.

Versant Java binding worked well: at the time we tested, Objy did not offer
Java.
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*,2'���'DWDEDVH�RI�´UHDOµ�/+&�HYHQWV

➨ &DOWHFK�+(3�VXEPLWWHG�D�VXFFHVVIXO�SURSRVDO�WR�13$&,�WR�JHQHUDWH�a����������IXOO\�

VLPXODWHG�PXOWL�MHW�4&'�HYHQWV

➨ (YHQW�SURGXFWLRQ�RQ�WKH�([HPSODU�VLQFH�0D\�¶���a���������HYHQWV�RI���0%\WH�

➨ 8VHG�E\�*,2'�DV�FRSLRXV�VRXUFH�RI�´UDZµ�/+&�HYHQW�GDWD

➨ (YHQWV�DUH�DQDO\VHG�XVLQJ�-DYD�$QDO\VLV�6WXGLR�DQG�´VFDQQHGµ�XVLQJ�D�-DYD�DSSOHW

Caltech/HEP submitted a proposal to NPACI to generate ~1,000,000 fully-simulated multi-jet
QCD events

Using CMSIM on the Exemplar

Directly study Higgs u γγ backgrounds for first time

Computing power of Exemplar makes this possible in ~few months

Accepted in March ‘98.

Event production on the Exemplar since May 24th.

~0.6 TBytes of FZ files (~600,000 events) in HPSS

Used by GIOD as copious source of “raw” LHC event data

Files are read using the “ooZebra” utility developed in CMS

Raw data objects (tracker hit maps, ECAL energy maps) created for each event and stored
in Objy federated database

Tracks and energy clusters reconstructed: new objects stored in the database

Pattern matching creates “physics” objects like Photons and Electrons: stored in the
database

Events in the database are analysed using Java Analysis Studio and “scanned” using a Java applet
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&0622�&ODVV�'LDJUDP
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➨ 7KH�GHWHFWRU�LV�DUUDQJHG�LQ�OD\HUV�

NHSW�DV�SHUVLVWHQW�REMHFWV�LQ�WKH�'%

➨ (DFK�OD\HU�FRQWDLQV�D�QXPEHU�RI�7U+LWV

➨ 7KHVH�7U+LWV�DUH�NHSW�LQ�D�SHUVLVWHQW

FODVV�´7U+LW0DSµ�LQ�WKH�'%

➨ 5HFRQVWUXFWLRQ�EHJLQV�E\�VHOHFWLQJ�D

WULR�RI�7U+LWV�������RQ�WKUHH�OD\HUV

ZRUNLQJ�IURP�WKH�RXWVLGH�LQ�

➨ $�WUDQVLHQW�WUDFN�LV�JHQHUDWHG�IURP

WKH�WULR�RI�FDQGLGDWH�KLWV�DQG�´JURZQµ

LI�LWV�χ��

LV�VPDOO�HQRXJK

➨ %\�VZLPPLQJ�WKH�WUDFN��DQG�XVLQJ

ZLQGRZV��������������RQ�WKH�LQWHUYHQLQJ

OD\HUV��XQXVHG�7U+LWV�DUH�DGGHG�WR�WKH

WUDFN�

➨ ,I�WKH�WUDFN�KDV�VXIILFLHQW�KLWV��DQG�D

ORZ�HQRXJK�χ��

�WKHQ�LW�LV�DGGHG�WR�D

WUDQVLHQW�YHFWRU�RI�JRRG�WUDFNV��DQG

WKH�SURFHVV�EHJLQV�DJDLQ�

➨ )LQDOO\��DQ�XSGDWH�ORFN�LV�REWDLQHG�RQ

WKH�'%��DQG�DOO�WUDFNV�DUH�PDGH

SHUVLVWHQW�DV�5HFRQVWUXFWHG7UDFNV

&0622���7UDFN�5HFRQVWUXFWLRQ�3URFHGXUH

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6
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Tracker geometry

&0622���-DYD��'�$SSOHW
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-DYD�$QDO\VLV�6WXGLR
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-DYD�$QDO\VLV�6WXGLR
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&(51�86$�7UDIILF��ZHHN�WR����������

7U\�RQH�ILOH���� /HW�LW�ULS 7LG\�XS����+366�IDLOV

➨ 7UDQVIHU�RI�a���*%\WHV�RI�2EMHFWLYLW\�GDWDEDVHV�IURP�6KLIW���&(51�WR

+366�&DOWHFK

➨ $FKLHYHG�a���*%\WHV�GD\��HTXLYDOHQW�WR�a��7E\WHV�\HDU��RU���3E\WH�\HDU�RQ�D����

0ELWV�VHF�OLQN�

➨ +366�KDUGZDUH�SUREOHP�DW�&DOWHFK���QRW�QHWZRUN��FDXVHG�WUDQVIHU�WR�DERUW
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*,2'���6XPPDU\

➨ /+&�&RPSXWLQJ�PRGHOV�VSHFLI\
➨ 0DVVLYH�TXDQWLWLHV�RI�UDZ��UHFRQVWUXFWHG�DQG�DQDO\VLV�GDWD�LQ�2'%06
➨ 'LVWULEXWHG�GDWD�DQDO\VLV�DW�&(51��5HJLRQDO�&HQWUHV�DQG�,QVWLWXWHV
➨ /RFDWLRQ�WUDQVSDUHQF\�IRU�WKH�HQG�XVHU

➨ *,2'�LV�LQYHVWLJDWLQJ
➨ 8VDELOLW\��VFDODELOLW\��SRUWDELOLW\�RI�SURWRW\SH�22�/+&�FRGHV�FRXSOHG

ZLWK�2'%06
➨ ,Q�D�KLHUDUFK\�RI�ODUJH�VHUYHUV��DQG�PHGLXP�VPDOO�FOLHQW�PDFKLQHV
➨ :LWK�IDVW�/$1�DQG�:$1�FRQQHFWLRQV
➨ 8VLQJ�UHDOLVWLF�/+&�UDZ�DQG�UHFRQVWUXFWHG�HYHQW�GDWD

➨ 5HVXOWV�DUH�HQFRXUDJLQJ�«�QH[W�VWHSV�DUH
➨ 7R�H[SDQG�WKH�&0622�WHVWV�WR�WKH�:$1�DQG�SVHXGR�SURGXFWLRQ�PRGH
➨ 7R�WHVW�LQWHJUDWLRQ�RI�WKH�+366�ZLWK�WKH�&0622�GDWDEDVH



Presentation by
Fons Rademakers, CERN



ROOT Presentation LIGO Workshop 1 Fons Rademakers

ROOT
an Object-Oriented Framework for Large Scale 

Data Handling

Fons Rademakers

GSI Darmstadt / Hewlett-Packard

The ROOT Team:

Rene Brun (CERN)
Fons Rademakers (GSI/HP)

Masaharu Goto (HP)



ROOT Presentation LIGO Workshop 2 Fons Rademakers

Prehistory

In the beginning there was PAW

• HBOOK (histogramming package)

• ZEBRA (memory manager and I/O package)

• KUIP (command line and macro processor)

• COMIS (Fortran interpreter)

• SIGMA (array manipulation package)

Mini/Micro-DST analysis was done using Ntuples (RWN and CWN)

• Ntuples are basically simple tables

• Only basic types (RWN only floats)

• No data structures (except arrays in CWN’s)

• No cross reference between Ntuples

• Successful because simple and efficient

Dead-end

• No way to grow to more complex data structures

• Difficult to extend

• Expensive to maintain

• Written in soon to be obsolete language -:)
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Main Goals for New System

Being able to support full data analysis chain

• Raw data, DSTs, mini-DSTs, micro-DSTs

Being able to handle (store/retrieve) complex structures

• Complete objects

• Object (inheritance and containment) hierarchies

Support at least the PAW data analysis functionality

• Histogramming

• Fitting

• Visualization

Support for advanced features

• Parallelism, shared memory, remote database access, networking, ...

Only one language

• C++

Better maintainability

• Use OOP

Better extensibility

• Use OO framework technology
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OO Frameworks

A framework is a collection of cooperating classes that make up a 
reusable design solution for a given problem domain.

There are three main differences between frameworks and class li-
braries:

Behaviour versus protocol. Class libraries are essentially collections of 
behaviours that you can call when you want those individual behaviours in 
your program. A framework, on the other hand, provides not only behav-
iour but also the protocol or set of rules that govern the ways in which be-
haviours can be combined.

Don’t call us, we’ll call you. With a class library, the code the program-
mer writes instantiates objects and calls their member functions. With a 
framework a programmer writes code that overrides and is called by the 
framework. The framework manages the flow of control among its objects. 
This relationship is expressed by the principle: ‘‘Don’t call us, we’ll call 
you’’.

Implementation versus design. With class libraries programmers reuse 
only implementations, whereas with frameworks they reuse design. A 
framework embodies the way a family of related classes work together.



inherits from

Class A
member function B

Class Y
virtual member function Z

calls

Class NewY
virtual member function Z

Class

Class
Class

Class

Program using
subclassing API

Program using
calling API

Framework

Calling API versus subclassing API
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Calling API Versus Subclassing API

Frameworks can be thought of as having two Application Pro-
grammer Interfaces (APIs): a calling API, which resembles a class 
library, and a subclassing API, which is used for overriding frame-
work member functions. 

The calling/subclassing distinction describes the mechanism by 
which functions are invoked: call or be called.
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Advantages of Frameworks

The benefits of frameworks can be summarized as follows:

• Less code to write. Much of the program’s design and structure, as 
well as its code, already exist in the framework.

• More reliable and robust code. Code inherited from a framework has 
already been tested and integrated with the rest of the framework.

• More consistent and modular code. Code reuse provides consistency 
and common capabilities between programs, no matter who writes 
them. Frameworks also make it easier to break programs into smaller 
pieces.

• More focus on areas of expertise. Users can concentrate on their 
particular problem domain. They don’t have to be experts at writing 
user interfaces, graphics, or networking to use the frameworks that pro-
vide those services.
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Main Features of ROOT

• A large subset of CERNLIB redesigned using OO technology

• Assumes standard C++ environment (no other special tools)

• The same language, C++, for batch, macros and interactive work

• A very powerful and mature C++ interpreter

• User describes the data model in C++ header files (no ddl, idl or odl)

• A rich set of fully integrated container classes

• Extensible via dynamic loading of shared libraries

• Histogramming and Ntuples

• Minimization (C++ version of Minuit)

• 2D and 3D graphics + OpenGL interface

• Detector description and geometric rendering

• Automatic user interface and graphics (using interpreter dictionary)

• Automatic HTML documentation generation (using dictionary)

➸ Automatic code generation for object serialization and inspection

➸ Machine independent OODB

➸ Trees (super Ntuples generalized to complete objects)

➸ Parallel processing of Trees (PROOF)

➸ Access to remote DB files via rootd daemon or web server

• Facilities for object storage in shared memory and multi-threading

• h2root: to convert legacy PAW/HBOOK files to ROOT files

• g2root: to convert Geant3.21 geometry files to ROOT files
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Drawing options for one dimensional histograms
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Examples of Surface options
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You can interactively rotate this view in 2 ways:

  - With the RotateCube in clicking in this pad

  - Selecting View with x3d in the View menu
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Z-scaling of Direct Photon Productions in pp Collisions at RHIC Energies

M.Tokarev, E.Potrebenikova JINR preprint E2-98-64, Dubna, 1998 
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Interactive ROOT Sessions

root>  TFile f("demo.root")
root>  tree.Draw("fPx")
root>  tree.Draw("fCalor.GetTotalEnergy()",fNtrack<500")
root>  TEvent *event
root>  tree.GetBranch("event")->SetAddress(&event)
root>  tree.GetEvent(4567)
root>  event.Draw()

root>  .x analysis.C(645)

//-- analysis.C
void analysis (Int_t maxtracks = 500)
{
   TFile  *f = new TFile("demo.root");
   TH1F   *hpt = new TH1F("hpt","pt distrib",100,0,50);
   TTree  *tree = (TTree *) f->Get("tree");
   TEvent *event;
   tree->GetBranch("event")->SetAddress(&event);
   Int_t nevents = tree->GetEntries();

   for (int ev = 0; ev < nevents; ev++) {
      tree->GetEvent(ev);
      Int_t ntracks = event->GetNtracks();
      if (ntracks < maxtracks) continue;
      for (int t = 0; t < ntracks; t++) {
         TTrack *track = event->GetTrack(t);
         hpt->Fill(track->GetPt());
      }
   }
   hpt->Draw();
}
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Or by Using the ROOT Browser

root> TBrowser b
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NA49 Data Flow

DAQ: Sony tapes

Robot

100 Gbytes/tape

DSTs

10 Gbytes/tape

Root files

1 Gbyte/file

Recons

Dspack

Pb+Pb at 160 GeV/nucleon

October 96 run

12 Terabytes in 5 weeks

1.2 events/second

Event Size = 10 Mbytes

Reconstruction farm on SHIFT

20 HP PA8000

1 Mbyte per event on DST

1800 reconstructed tracks/event

10 minutes/event

Physics Analysis farm

Linux PCs with parallel ROOT

100 Kbytes/event

50 events/second

ligo/dataflow.C
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Object I/O: Variety of problems: Common solutions

Shared Memory
MultiThreads

Object data Base

on local disks

Object data Base

on remote disks

TFile

TWebFile

TNetFile

TMessage
Streamer

Stream
er

TBuffer

Shared Memory:
Multi Threading:

InterProcess:
Local File:
Remote File:

Synchronization
Synchronization and re-entrancy

Messaging and Client/Server
Large Containers, Rapid Access
Web and Remote servers

ligo/iogen.C
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Files with hyperlinks

*User.C.html

*User.mac.html

Dictionary

Inheritance graphs

*User_Tree.ps

Class Description

with references

*User.html

Macros

Log files

*User.mac

*User.log

C++ application

source code

*User.C

*User.h

C++ code for

User Interface and I/O

*UserDict.C

User

Libraries

*User.sl

Root Library

and Includes

Root.sl

Root/include

rootcint

ROOT compiler

C++ compiler

and Linker

ROOT-based Application

Interactive or Batch

User.exe

ligo/rootenv.C
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rootcint  - The Dictionary Generator

shell> rootcint myDict.cc -c myClass.h

rootcint  parse your header files and generates the C++ code nec-
essary to:

• Stream objects (that can be stored in the DB or send over the network)

• Access the public class members via the interpreter

• Access the class member functions via the GUI

• Get extended Run Time Type Information

• Generate the HTML documentation
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Example of Streamer function

class TShape: public TNamed, public TAttLine, public TAttFill

Int_t

Bool_t

TMaterial

fNumber;

fVisibility;

*fMaterial

//Shape category

//Visibility flag

//Pointer to material object

void TShape::Streamer(TBuffer &buf) {
  // Stream a TShape object
  // Code automatically generated by rootcint from Shape.h

   if (buf.IsReading()) {
      Version_t v = buf.ReadVersion();
      TNamed::Streamer(buf);
      TAttLine::Streamer(buf);
      TAttFill::Streamer(buf);
      buf >> fNumber;
      buf >> fVisibility;
      buf >> fMaterial;
   } else {
      buf.WriteVersion(TShape::IsA());
      TNamed::Streamer(buf);
      TAttLine::Streamer(buf);
      TAttFill::Streamer(buf);
      buf << fNumber;
      buf << fVisibility;
      buf << fMaterial;
   }
}

To take into account

Schema evolution

ligo/streamer.C
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Same Object Model   +  Choice of Buffering techniques

Event

Header

object
Vertex

TObjArray

TPC Tracks

TClonesArray

TOF
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Calor
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T
T
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TTree::Fill

SPLIT mode: Buffers are Branch baskets

Serial I/O  : TBuffer

ligo/iomode.C
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Example of a Tree

class TEvent  : public TObject  {
private:
   THeader        * fHeader ;  //Event header
   TObjArray      * fVertex ;  //Array of vertices
   TClonesArray   * fTracks ;  //Arrays of tracks
   TTOF          * fTOF;     //Time Of Flight object
   TCalor         * fCalor ;   //Calorimeter object
public:
...
...
};

main() {
   TEvent *event;
   TFile   dst("demo.root", "new");
   TTree   tree("tree", "ExampleOfTree");
   Int_t split = 1;   // or split = 0;
   tree.Branch("event", "TEvent", &event, split);

   for (int ev = 0; ev < 10000; ev++) {
      event = new TEvent(ev);
      ...
      ...
      tree.Fill();
      delete event;
   }
   dst.Close();
}



class TClonesArray : publ i c TOb j Array {
private:
   TObjArray *fKeep;
   TClass    *fClass;
};

space for identical
objects of type fClass

Delete() calls dtor of fClass and
clears links from fCont to fKeep

fCont
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TClonesArray  - Array of Identical Objects

Why do we need special collection classes and not just STL?

An array of clone (identical) objects. The memory for the objects 
stored in the array is allocated only once in the lifetime of the clones array. 
All objects must be of the same class. For the rest this class has the same 
properties as TObjArray .

The class is specially designed for repetitive data analysis tasks, where in 
a loop many times the same objects are created and deleted.
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Theory of the TClonesArray

To reduce the very large number of new and delete calls in large 
loops like this (O(100000) x O(10000) times new/delete):

                                                                   
TObjArray a(10000);
while (TEvent *ev = (TEvent *)next()) {    // O(100000)
   for (int i = 0; i < ev->Ntracks; i++) { // O(10000)
      a[i] = new TTrack(x,y,z,...);
      ... 
      ... 
   }
   ... 
   a.Delete();
}

One better uses a TClonesArray  which reduces the number of 
new/delete calls to only O(10000):

TClonesArray a("TTrack", 10000);
while (TEvent *ev = (TEvent *)next()) {    // O(100000)
   for (int i = 0; i < ev->Ntracks; i++) { // O(10000)
      new(a[i]) TTrack(x,y,z,...);
      ... 
      ... 
   }
   ...
   a.Delete();
}

Considering that a new/delete costs about 70 µs, O(109) 
new/deletes will save about 19 hours.
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Where is ROOT Being Used?

High Energy Physics:

Offline: NA49, Phobos, Phenix, Star, Zeus, H1, Hera-B, Delphi, Atlas, Al-
ice, CMS, LHCb, D0, CDF, SLD, Hermes, E917, E877, Belle, Opal, 
AMS, E614, Cleo, ...

Online: Finuda, Kloe, Compass, LHCb, ...

Theory: S. Jadach, ...

Nuclear Physics:

Offline: Hades (GSI), ...

Online: Munchen, ...

Astronomy:

Offline: Integral Gamma Ray Satelite, Celeste

Miscelleneous:

Plasma Physics, Biology, Genetics, Insurance, Finance, Pharmaceutical, ...

More than 20000 downloads of ROOT since January 1997

More than 200000 hits on the web site per month

More than 720 registered users
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ROOT Documentation and Availability

Everything about ROOT can be found at:

The ROOT web site: http://root.cern.ch/

From:

http://root.cern.ch/root/Availability.html

You can download

☞ The complete source

☞ The test programs and macros

☞ The PostScript version of the documentation

☞ The HTML version of the documentation

☞ The executable modules and shared libraries for:

❐ Linux (Intel, PowerPC)

❐ HP-UX

❐ Solaris (Sun, Intel)

❐ Alpha OSF

❐ AIX

❐ SGI

❐ Windows NT/95

ROOT does not require any commercial components!

Bottomline: the system is free and runs everywhere
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