
LIGO Data Grid:
A tool for gravitational wave data analysis
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Preliminaries

• LIGO Data Grid (LDG) evolves constantly

• These notes detail LDG as it is today

• This will denote a planned enhancement  
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Preliminaries

A “Tip” indicates a suggestion that is not 
strictly necessary, but will make life easier!  
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Why the LDG?

• Petabytes of LIGO, Virgo, GEO data

• 20,000+ computing cores

• Dedicated to GW data analysis

• Software stacks tuned for GW data analysis

• Support by both scientists and admins
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LDG Overview

Begin with a global overview of the
 LIGO Data Grid...
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Linux Clusters

• Maximize computing 
power for $

• Flexible platform for 
scientific computing
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Reference Operating 
Systems

• LDG standardized on two Linux flavors

1. Cent OS 5.3

2. Debian 5 (Lenny) 

• Soon upgrade to new references

1. Scientific Linux 6

2. Debian 6 (Squeeze)
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Tip

Develop on a LDG reference OS

• Minimize version incompatibilities

• Maximize help from other scientists

• Save you time

• Get more science done
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Tip
• Use Linux or Mac OS X for your 

workstation or laptop

• Do NOT use Microsoft Windows

• access tools not well supported

• can be done but will be painful

• No serious LIGO data analysis is done on 
Windows
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“Pleasantly Parallel”

• “Embarrassingly parallel”

• High Throughput Computing (HTC)

• No fast interconnects on clusters

• (no Infiniband or similar)
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Single Threaded

• Most codes run single threaded

• Parallelize across data (in time)

• Little MPI or OpenMP

• Some groups using multi-threaded codes

• all threads within one node 
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x86-64

• still some 32 bit

• mixture of AMD and Intel hardware
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GPU

• very fast FFTs, quite useful for GW analysis

• available on two (2) clusters

• expect GPUs to be standard soon on LDG
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• All LDG clusters use Condor

• Submission and management of data 
analysis jobs and workflows

• High Throughput Computing environment

• Much more about Condor later
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LDG Sites (US)

• Caltech

• LHO

• LLO

• MIT

• SYR

• UWM
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LDG Sites (Europe)

• Cardiff

• AEI

• Birmingham
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LDG Sites

• Classified by the amount and types of 
available data...
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LIGO Data

• Sampling rate is 16 KHz

• Thousands of “channels” recorded

• data channels

• environmental channels monitoring noise

• control channels

• Many channels sampled at lower rate
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LIGO Data

• Channels saved in 
structure called 
“frames”

• Frame format is 
standard for 
community

• “Frame files” when 
saved to disk

• T970130-v1 in DCC
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LIGO Data 

“Raw” or full frame files 

• contain ALL channels

• LIGO raw frames usually 32 seconds long

• rarely used for data analysis

• sometimes used for detector characterization
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LIGO Data 

Level one (1) reduced data sets (RDS)

• about 10% of the channels

• used for data analysis and detector characterization

• LIGO RDS level one usually 64 seconds long
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LIGO Data 

Gravitational wave strain or h(t) data channel

• calibrated strain

• used for most data analysis

• LIGO h(t) usually 128 seconds long
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LDG Sites

• Sites classified into “Tiers”

1. data available

2. support level

• Tier One (1)

• All LIGO data,  All GEO data, Virgo h(t) 

• Support all LIGO users
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LDG Sites
• Tier Two (2)

• All LIGO, Virgo h(t) data

• Some level one RDS data

• Support all LIGO users

• Tier Three (3)

• Limited sets of LIGO and Virgo h(t) data

• Support small groups of users 

• usually focus on specific analysis
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LDG Sites

• Tier one (1) site: Caltech

• Tier two (2) sites:

• LHO, LLO, AEI, UWM, SYR

• Tier three (3) sites:

• MIT, Cardiff, Birmingham

• MIT transition to Tier 2 for aLIGO
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Caltech

• California Institute of Technology

• Tier one (1) site

• All LIGO data

• Virgo strain channel h(t) data

• GEO data (all channels since June 2011)
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Caltech

• 2730 cores

• 1.6 PB storage (spinning disks)

• very large tape archive (many PB)
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LHO

• LIGO Hanford Observatory

• 2100 cores

• 340 TB disk (spinning)

• large tape archive

• LIGO Tier 2 site
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LLO

• LIGO Livingston Observatory

• 2020 cores

• 340 TB storage (spinning)

• large tape archive

• LIGO Tier 2 site
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MIT

• ~ 2000 cores

• ~ 300 TB storage

• Currently transitioning from Tier 3 to 2

• Plan to be full Tier 2 site for aLIGO
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AEI
• Albert Einstein Institute, 

Hannover, Germany

• ATLAS cluster

• 7000 cores

• 1.6 PB storage (spinning)

• 264 GPUs (C2050 and C1060)

• GEO Tier 1 site (all GEO data)

• LIGO Tier 2 site
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UWM

• University of 
Wisconsin-Milwaukee

• 3440 cores

• 500 TB storage 
(spinning)

• LIGO Tier 2 site
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SYR
• Syracuse University

• 2380 cores

• 480 TB storage 
(spinning)

• 170 GPUs

• currently 
transitioning from 
Tier 3 to Tier 2
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Cardiff 

• Cardiff University in Wales, UK

• 180 cores

• 20 TB storage (spinning)

• LIGO Tier 3

• Development of pipelines for binary inspiral 
and burst analysis
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Birmingham

• Birmingham University in UK

• 212 core

• 16 TB storage

• Tier 3 site
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Soon move to wiki.ligo.org/LDG
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Korean LDG Sites
• Ongoing effort to add KISTI and NIMS 

• KISTI GSDC:

• ~ 300 cores (some shared)

• 100 TB storage (h(t) and level 1 RDS)

• See presentation by Beobkyun Kim 

• NIMS:

• ~ 200 cores (shared)

• ~ 40 TB storage
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Accessing LDG

How does one actually access the 
LDG?
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Accessing LDG

• First join LIGO Scientific Collaboration (LSC)

• Groups join LSC, not individuals

• Principal Investigator (PI) manages membership

• Senior members must petition to join LSC

• Post-docs & graduate students managed by PI
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@LIGO.ORG 

• Each LIGO member receives @LIGO.ORG 
electronic identity

• Also known as “Albert Einstein identity”

• albert.einstein@LIGO.ORG
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@LIGO.ORG
• Used to access all LIGO web pages

• Email address (forwards to other email)
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@LIGO.ORG
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LIGO Roster
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Electronic Identities
• In future use existing campus/institute credential to access LDG

• Leverage “SAML Federated Identities”

• US: InCommon/Internet2

• Japan: GakuNin

• UK: Access Management Federation For Education and Research

• Germany: DFN-AAI

• Italy: IDEM

• France: Fédération Éducation-Recherche

• Is there a Korean SAML federation?
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LDG Client
• Software tools needed to connect to LDG

• Supported on:

• Mac OS X 10.5 and 10.6

• Linux:

• CentOS 5.3

• Debian Lenny

• Debian Squeeze

• Ubuntu 10.04, 10.10, 11.04

• Windows (sort of...via Java based tool)
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LDG Client
• Installation is easy, using native packages

• Disk image for Mac

• Repositories for Linux
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Grid Credential

• Two parts

1. X.509 certificate

2. Matching private key

• Simple text files you keep on your laptop
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Private Key

• It’s a secret!

• Must keep it secure

• UNIX file requirements

• file permissions 0600

• owned by user
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Private Key

• Kept secret by encrypting it on disk

• Need a passphrase to decrypt and use it

• Do NOT share your passphrase!

• More on passphrase later...
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X.509 Certificate

• NOT a secret

• Public document

• 3 important parts

1. Name

2. Public key (matched to your private key)

3. Signature of Certificate Authority (CA)
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X.509 certificate

• UNIX file requirements

• file permissions 0644

• owned by user 

60

Wednesday, August 3, 2011



X.509 Certificate
• 1st important part is Name

• “Distinguished Name” or DN

• Also called “Subject” of certificate

• Unique name for you across all grids!
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X.509 certificate

• 2nd important part is public key

• Used with matching private key 

• Almost never need to know about this part
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X.509 certificate

• 3rd important part is digital signature of 
certificate authority (CA)

• Binds together name/Subject/DN with the 
public key

• CA asserts that person with Subject is the 
holder of the public key
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X.509 Certificate

• CA must verify your identity at time you 
request the certificate

• Without a strong verification process the 
CA cannot be trusted
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Third Party Trust Model
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Third Party Trust Model
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Third Party Trust Model
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Third Party Trust Model
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(No exchange of secrets necessary)
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“a random string”

Wednesday, August 3, 2011



69

“XY^#78WGIWG”
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“XY^#78WGIWG”
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“XY^#78WGIWG”
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“a random string”
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“a random string”
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“a random string”

• Only the matching private key 
could have decrypted string

•  Holder of private key assumed to 
be owner of public key

•  Public key is on certificate
•  Certificate has name on it
•  Identity is established
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Obtaining X.509 cert

• Korean researchers

• KISTI Grid Certificate Authority

• http://ca.gridcenter.or.kr/

• Most countries have recognized CA

• International Grid Trust Federation

• www.igtf.net
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Obtaining X.509 cert
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Obtain X.509 cert
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Obtaining X.509 cert
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Obtaining X.509 cert
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• First register with the CA and obtain PIN #

• Registration agent (RA) will verify your request

• May take a few days so start early!

• Will have certificate in your web browser
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Tip

• KISTI CA users:

• Use Microsoft Internet Explorer (IE) for this part

• IE is required at this time
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Obtaining X.509 cert

• Must export certificate from browser

• Follow instructions of CA

• Export to a single PKCS #12 file

• Not finished yet!
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Obtaining X.509 cert

• Must export certificate from browser

• Follow instructions of CA

• Export to a single PKCS #12 file

• Not finished yet!
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Not a format 
grid tools like!
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Obtaining X.509 cert

• Convert PKCS #12 file into two (2) files

• First move PKCS #12 file from Windows 
computer to Mac or Linux

• Use OpenSSL to do the conversion

• KISTI CA has nice instructions
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Obtaining X.509 cert

• Two plain text files:

1. $HOME/.globus/usercert.pem

2. $HOME/.globus/userkey.pem

• Make sure file ownership and permissions 
correct
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Requesting Accounts

• Usually takes 2 to 3 days

• Admin from each site will notify by email 

• Cannot apply until you have X.509/Grid 
certificate first!
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Logging into LDG

1. Use grid cert to create “proxy certificate”

• temporary, time limited certificate

2. Use Grid-enabled OpenSSH to login
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Logging Into LDG

• Proxy + Grid-enabled OpenSSH = SSO
(single sign on)

• Only need to generate proxy once per day
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Logging Into LDG

• Only need to type passphrase once per day

• So choose a long and strong passphrase!
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Tip
Ideas for long & strong passphrase:

• First line from your favorite song or book

• List of your 5 favorite foods

• Full names of your 3 favorite physics heroes

Better to use lots of long words you will 
remember than short list of symbols and 
numbers
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Logging into LDG

Where to login?
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CIT, LHO, LLO

• Head nodes (machines you can log in to)

• ldas-grid.ligo.caltech.edu 

• for Condor submission

• ldas-pcdev1.ligo.caltech.edu 

• compile, local jobs CPU/memory intensive

To get LHO, replace ligo with ligo-wa. To get LLO, 
replace ligo with ligo-la.
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CIT, LHO, LLO
• Home directory: 

• /archive/home/$USER

• Local scratch: 

• /usr1/$USER

• (compile code and keep logs here)

• Secure web space:

• /archive/home/$USER/public_html

• https://ldas-jobs.ligo.caltech.edu/~$USER/
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Syracuse (SUGAR)

• Head nodes: 

• sugar.phy.syr.edu

• job submission

•sugar-dev1.phy.syr.edu

• compile, local jobs CPU/memory intensive

•spice-dev1.phy.syr.edu

• GPU development
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Syracuse (SUGAR)

• Home directory:

• /home/$USER

• Local scratch:

• /usr1/$USER

• Secure web space:

• /home/$USER/public_html

• https://sugar-jobs.phy.syr.edu/~$USER
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UWM (Nemo)

• Head nodes:

•marlin.phys.uwm.edu

•hydra.phys.uwm.edu

•trout.phys.uwm.edu

•pcdev1.phys.uwm.edu

• compile, local jobs CPU/memory intensive
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UWM (Nemo)

• Home directory:

• /home/$USER

• Local scratch:

• /people/$USER

• Secure web space:

• /home/$USER/public_html

• https://ldas-jobs.phys.uwm.edu/~$USER
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AEI (ATLAS)

• Head nodes:

•atlas1.atlas.aei.uni-hannover.de

•atlas2.atlas.aei.uni-hannover.de

• login and job submission

•titan1.atlas.aei.uni-hannover.de

•titan2.atlas.aei.uni-hannover.de

• compile, local jobs CPU/memory intensive
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AEI (ATLAS)

• Home directory:

• /home/$USER

• Local scratch:

• /atlas/user/HOSTNAME/$USER

• for example, /atlas/user/atlas1/skoranda

• Secure web space:

• /home/$USER/WWW/LSC

• https://atlas1.atlas.aei.uni-hannover.de/~$USER/LSC
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You can log in...now 
what?
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Accessing Data

104

• Before accessing data you need to 
determine which time segments to analyze

• Data quality (DQ) cuts or vetoes used to 
excise time segments with artifacts
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DQ flags

• Detail quality of data as function of time

• Each flag is “on” or “off” at a point in time
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“Segment” Database

• Catalog of DQ flags as function of time

• Used to determine segments of time with 
particular DQ flags set (or not) 
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Segment Database

• Accessed using command line tools

• Some web browser queries supported

• Runs at Caltech

• https://segdb.ligo.caltech.edu

• Access from outside Caltech cluster 
requires grid credential
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Tip

• Use tconvert to convert from calendar to GPS
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Segment Database

• Prepare veto definer files

• XML documents

• “ligolw” or “LIGO lightweight” is schema

• detail which DQ flags to consider

• different analysis groups use different vetoes

• Ask for details from current experts...
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Segment Algebra

• Often need to manipulate lists of segments

• Prone to errors

• Use existing libraries and tools

• Python segment module helpful
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Now you know 
segments...how do you 

find the data?
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Finding GW data

123

• Data paths different across LDG

• Locations change as storage needs change

• Locations change for better performance

• Use tools for finding data and do not rely 
on on static lists of paths
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ligo_data_find

• Command line tool for finding data

• Each LDG site runs server to query

• Query to remote server needs grid cert

• No authentication to local server

• Finds data for any interferometer

• will be renamed “gw_data_find”
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ligo_data_find
• Inputs:

• Observatory (instrument site)

• Type of data file (raw, level 1, h(t), ...)

• ask experts for frame type to use

• GPS start and end times

• Output:

• URL paths to data
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ligo_data_find
Other useful options:

--gaps: warn about missing data in segment

--match: match against regular expression

--names-only: just file names not paths

--show-types: show available frame types

--show-times: show segments in GPS range

--lal-cache: format ouput for use in LAL

--frame-cache: another output format
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf

132

Site(s)
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf
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Frame Type
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf

132

GPS Start Time
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf

132

Duration
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Frame File
Naming Convention

H-H1_LDAS_C02_L2-931060096-128.gwf

L-L1_RDS_R_L1-957449792-64.gwf

GHLV-GALCALTERR_50MPC-940995415-1000.gwf

V-HrecOnline-994488000-4000.gwf

132

Calibration version for LIGO h(t) 
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Reading Frame Files

Libraries, modules, tools for:

• C code: LAL, FrameL

• Python: pyLAL

• Matlab: module “accessdatachannel”

• Command line: Fr* tools from ligotools
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Running Analysis Jobs
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Condor on LDG

143

• Batch system for managing compute jobs

• Powerful “Class Ad” matchmaking 

• match requirements & resources

• both jobs & resources have requirements

• “Fair share” instead of first-in-first-out

• No notion of distinct queues

• Jobs suspended or evicted as necessary

• Support for checkpointing
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Job Submit Description File

• Description of how to run job

• Commands or keywords and values

• Single submit file can queue one or many

• 300+ commands but just a few necessary

• Condor converts submit description to a 
“Class Ad” for job and advertises it, making 
it available to be matched to a resource
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Tip

• Always use output, error, log for every job

• Makes debugging much easier

• Admins will ask for those files if you ask for 
help or report a problem
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When will my jobs run?
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Condor Scheduling
• “Fair share” and not first-in-first-out

• Condor will suspend then evict jobs to balance 
use

• LIGO configuration gives jobs at least 4 hours 
before eviction

• Jobs should checkpoint if possible

• manage their own checkpoints or,

• leverage Condor checkpointing for C or C++
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Condor Checkpointing
• Checkpoint before eviction then restart from checkpoint 

• Periodic checkpointing in case of node failure

• Can NOT checkpoint:

• multi kernel-level threads

• multi process jobs

• dynamically linked programs

• timers, alarms, sleep

• Python, Mathematica, Matlab, ...
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Condor Checkpointing:
DMTCP

• Does NOT require relinking code

• Enables checkpointing for

• Python

• Matlab

• Mathematica

• Still in testing phase

170
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Condor DAGman

• Tool for managing workflows (pipelines)

• Output from one job input to another

• Jobs required to execute in particular order

• LIGO data analysis heavily uses DAGman

171
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Directed Acyclic Graph
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Directed Acyclic Graph
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“Diamond DAG”

“node” represents job

•A is parent of B & C
•B is parent of D
•C is parent of D
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Directed Acyclic Graph

172

A

CB

D

“Diamond DAG”

“node” represents job

•B is child of A
•C is child of A
•D is child of B & C
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DAGman

• condor_dagman manages submission of jobs

• only submit children if parents succeed

• if parent fails (non-zero return) stops

• creates “rescue DAG”

• saves state so you can fix and proceed

• make as much process as it can
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DAGman

• condor_dagman is itself a job managed by Condor 

• you create a submit file for condor_dagman

OR

•condor_submit_dag my.dag

• automatically creates submit file for condor_dagman

175
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DAGman
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A A

PRE A

POST A

Wednesday, August 3, 2011



DAGman
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A A

PRE A

POST A

•A only runs if PRE A succeeds
•POST A runs if A runs
•Success of node determined by POST A
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DAGman

• Things often go wrong...DAGman can help

• “RETRY” provides way to retry nodes

Wednesday, August 3, 2011



179

Wednesday, August 3, 2011



180

DAGman

• DAGs with 10,000 nodes routine in LIGO

• DAGs with 100,000 nodes common

• Larger DAGs usually broken in sub-DAGs

• node job can be a DAG itself

• configurations to help manage complex DAGs
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pipeline.py

• Nobody composes DAGs by hand

• Various scripts used to compose DAGs

• CBC group uses Python module pipeline.py

• Defines classes to represent nodes/jobs

• ihope and HIPE build on pipeline.py

182
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Pegasus

• Workflow management tool

• Works in cooperation with DAGman

• Uses DAX instead of DAG

• XML description of workflow

• includes details of input/output files and data flow
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Pegasus

• Pegasus converts DAX to DAG

• Groups short running jobs together for efficiency

• Better management of log, error, output files

• DAG is run using condor_dagman

• Pegasus offers higher level management tools

• Do not have to examine each error and log file

• Better handling of “rescue workflows” and re-use
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Getting Help

Try a few web pages first...you might be able 
to help yourself
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Move to wiki.ligo.org/LDG soon...
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DASWG
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DASWG
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DASWG

190

•daswg@gravity.phys.uwm.edu

•daswg@ligo.org

• Admins monitor that email list

• Scientists jump in to also help
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Site Support

• ldas_admin_cit@ligo.caltech.edu

• ldas_admin_lho@ligo.caltech.edu

• ldas_admin_llo@ligo.caltech.edu

• uwm-help@gravity.phys.uwm.edu

• https://n0.aei.uni-hannover.de/tracking/
projects/show/atlas
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To: daswg@gravity.phys.uwm.edu
From: some.user@ligo.org
Subject: help!

My job will not run! Help!!!!

192

Asking for help: bad example
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To: daswg@gravity.phys.uwm.edu
From: joe.user@ligo.org
Subject: job 3548760 on hold at LHO

Job 3548760 at LHO was put into the hold 
state. I examined the output of condor_q 
-long 3548760 but could not determine 
why the job is on hold.

The job submit file is 
/home/joe/S6/job01.sub
The log file is 
/home/joe/S6/job01.log

Please let me know how to further debug 
this problem.

Sincerely,

Joe 193

Asking for help: good example
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Please Contribute!
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