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LIGO Experiment: Searching for Gravitational Waves

Pegasus

http://pegasus.isi.edu

Image courtesy of LSC

2

LIGO (Laser Interferometer Gravitational-Wave Observatory)
LSC (LIGO Scientific Collaboration)
– Collaboration involved in research of the data coming out of the detectors
– 1000 scientists from universities in US and 14 other countries
– 250 students
– Responsible for developing analysis methodologies and detector technology.
Background
– Largest ever NSF funded project
– Two 4km long detectors in the US (Hanford, Washington, and Livingston, Louisiana)
Aerial View of the LIGO Livingston Laboratory

(Initial LIGO 2002 – 2010)

Phase I

– No gravitational waves detected
– But a lot of analysis pipelines and computing infrastructure were setup
– Late 2010 – Passed Blind Injection Test

Image Credit: Caltech/MIT/LIGO Lab

Phase II
– Currently operating at 4 times the Initial LIGO sensitivity

Upgrade of the detectors

(Advanced LIGO September 2015 onwards)

– Designed to be 10 times more sensitive than Phase I

Pegasus
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LIGO Engineering from
www.ligo.caltech.edu/page/facts
• “ Most sensitive: LIGO is designed to detect a change in distance between its mirrors1/10,000th the
width of a proton! Equivalent to measuring the distance to the nearest star to an accuracy smaller
than the width of a human hair!
• World's second-largest vacuum chambers: Encapsulating 10,000 m3 (350,000 ft3), each vacuum
chamber encloses as much volume as 11 Boeing 747-400 commercial airliners. The air removed
from each of LIGO’s vacuum chambers could inflate two-and-a-half MILLION footballs, or 1.8 million
soccer balls! LIGO's vacuum volume is surpassed only by the LHC
• Ultra-high vacuum: The pressure inside LIGO's vacuum tubes is one-trillionth of an 'atmosphere' (in
scientific terms, that’s 10-9 torr). It took 40 days (1100 hours) to remove all 10,000 m3 (353,000 ft3) of
air and other residual gases from each of LIGO’s vacuum tubes to reach an air pressure one-trillionth
that at sea level.
• Curvature of the Earth: LIGO’s arms are so long that the curvature of the Earth is a measurable 1
meter (vertical) over the 4 km length of each arm. The most precise concrete pouring and leveling
imaginable was required to counteract this curvature and ensure that LIGO’s vacuum chambers were
"flat" and level. Without this work, LIGO's lasers would hit the end of each arm 1 m above the mirrors
it is supposed to bounce off of!”
Pegasus
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LIGO’s Gravitational Wave Detection
LIGO announced first ever detection of gravitational waves
Feb 2016
Created as a result of coalescence of a pair of dense, massive black holes
Confirms major prediction of Einstein Theory of Relativity

Detection Event
Detected by both of the operational Advanced LIGO detectors
( 4km long L shaped interferometers)
Event occurred at September 14, 2015 at 5:51 a.m. Eastern Daylight Time

Image Credits: 0.2 Second before the black holes collide: SXS/LIGO
Signals of Gravitational Waves Detected: Caltech/MIT/LIGO Lab

Pegasus
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First GW detection: ~ 21K workflow with ~ 107M tasks
Science workflow:

measure the statistical significance
of data needed for discovery

Pegasus

Automated by Pegasus

execution of tasks and data
access

Distributed Power

LIGO, Open Science Grid,
XSEDE, Blue Waters

2016
http://pegasus.isi.edu
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October 16th 2017: ” LIGO and Virgo make first detection of
gravitational waves produced by colliding neutron stars”

“The inspiral and merger of two neutron stars, as illustrated here, should produce a very specific gravitational wave signal, but
the moment of the merger should also produce electromagnetic radiation that's unique and identifiable as such.”, credit LIGO

“Thanks to our collaboration with the Pegasus, OSG, and Condor teams, we can now
turn around our offline analyses in days not weeks. This is essential for getting
confirmations of low-latency alerts and getting our results out to the world.” -Professor Duncan Brown, Syracuse University
Pegasus
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Building collaborations
Nobel
Prize

Takes time, the Pegasus and LIGO Example
2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

Completion Date
November 2001

www.griphyn.org

First Pegasus
prototype

Pegasus
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Blind injection detection

First detection of
black hole collision
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Multi-messenger
neutron star
merger
observation
Image credit: LIGO Scientific Collaboration

CS
research

How did Pegasus Start?

Extend the concept of view materialization in DBs to distributed environments
NSF ITR: GriPhyN Project: Ian Foster (PI), Paul
Avery, Carl Kesselman, Miron Livny, (co-Pis)

The Virtual Data Grid (VDG)
Model
• Data suppliers publish data to the Grid
• Users request raw or derived data from Grid, without
needing to know
– Where data is located
– Whether data is stored or computed

• User can easily determine
– What it will cost to obtain data
– Quality of derived data

How do you translate the Computer
• VDG serves requests efficiently, subject to global and
Science
ideaconstraints
to the needs of science?
local policy

Virtual Data Scenario
• (LIGO) “Conduct a pulsar search on the data
collected from Oct 16 2000 to Jan 1 2001”
• For each requested data value, need to

Circa. 2001
www.griphyn.org

Pegasus
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– Understand the request
– Determine if it is instantiated; if so, where; if not,
how to compute it
– Plan data movements and computations required to
obtain all results
– Execute this plan

http://pegasus.isi.edu
www.griphyn.org
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Challenge: How Translate a Science Request to an
Actionable Plan?
Explore AI
planning
techniques

LIGO Experiment

(Laser Interferometer Gravitational-wave Observatory)
Interferometer

CS
research

archive

Short time frames
clean

Long time frames

transpose

raw channels

Completion Date
November 2001

Single Frame

Hz

Time-frequency
Image
Find Candidate
Store

www.griphyn.org

www.griphyn.org
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Ewa Deelman, ISI
Time

Lost in translation: high-level abstraction for this science domain
Found: new research direction: management of workflows in distributed
environments
Pegasus
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Challenges of Workflow Management
•

•

Working with LIGO and other applications (astronomy,
earthquake science), found common challenges:
• Need to describe complex workflows in a simple way
• Need to access distributed, heterogeneous data and
resources
• Need to deal with resources/software that change over time

Sky mosaic, IPAC, Caltech

Our focus:
• Separation between workflow description and workflow
execution
• Workflow planning and scheduling (scalability, performance)
• Task execution (monitoring, fault tolerance, debugging)
Earthquake simulation, SCEC, USC

Pegasus
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Example Pegasus Workflows

2

Pegasus Workflow Management System

3

Challenges and solutions for workflow execution in clusters,
distributed systems, and clouds

4

Future Directions
Cyberinfrastructure Center of Excellence
Pilot

Pegasus
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How do workflows start?

Helioseismology, Max Planck

RNA sequencing, USC

Solar fuels: integrate light absorption
and electron transfer driven catalysis,
RENCI

Pegasus
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Community Archives: Galactic Plane Atlas

•
•
•
•
•
•

18 million input images (~2.5 TB)
900 output images (2.5 GB each, 2.4 TB total)
Measuring the global star formation rate in the galaxy
Studying the energetics of the interaction of molecular clouds with the interstellar medium
Determining whether coagulation or fragmentation governs the formation of massive stars
Assessing the supernova rate in the Galaxy
Calculations were performed on AWS

Pegasus
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Sometimes you want to “hide” the workflow…
Automated QC Workflow, Pedigree checks, Consistency checks

Pegasus
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Outline

Pegasus

1

Example Pegasus Workflows

2

Pegasus Workflow Management System

3

Challenges and solutions for workflow execution in clusters,
distributed systems, and clouds

4

Future Directions
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Sometimes the environment is complex…

Data
Storage

Local
Resource
Work Definition

Campus
Cluster

Pegasus

XSEDE

NERSC

HPC Clusters

ALCF

OLCF
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OSG

Chameleon

Amazon
Cloud

Clouds
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Sometimes the environment is just not exactly right
Single core workload

Cray XK7 System Environment / Designed for MPI codes

Pegasus
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Sometimes you want to change or combine resources

Local
Resource

You don’t want to recode your workflow

Work Definition

Campus
Cluster

Pegasus

Data
Storage

XSEDE

NERSC

ALCF

OLCF
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OSG

Chameleon

Amazon
Cloud
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Our Approach: Submit locally, Compute globally
Local Resource

Workflow
Management System

Data
Storage

work

Work Definition

data

Campus
Cluster

Pegasus

XSEDE

NERSC

ALCF

OLCF
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OSG

Chameleon

Amazon
Cloud
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Workflow Management System (WMS) Functions
Discover what resources
(computation, data, software)
are available

Select the appropriate resources based on a
architecture, availability of software,
performance, reliability, availability of
cycles, storage,..

WMS
Devise a plan

Execute the plan

– What resources to use
– How to best adapt the workflow to the resources
– What protocols to use to access the data,
to schedule jobs
– What data to save

– In a reliable way
– Keep track of what data was accessed,
generated and how

Currently outside of the WMS functions
– Resource provisioning

Pegasus
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Pegasus Workflow Management System (est. 2001)
Collaboration with HTCondor, UW Madison

A workflow “compiler”/planner
– Input: abstract workflow description, resource-independent
– Auxiliary Info (catalogs): available resources, data, codes

A workflow engine (DAGMan)

– Output: executable workflow with concrete resources

– Executes the workflow on local or
distributed resources (HPC, clouds)

– Automatically locates physical locations for both workflow
tasks and data

– Task executables are wrapped with
pegasus-kickstart and managed by
Condor schedd

– Transforms the workflow for performance and reliability

Provenance and execution traces
are collected and stored

Pegasus

Traces and DB can be mined for
performance and overhead information

http://pegasus.isi.edu
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Pegasus provides tools to
generate the abstract workflow

API
DAX
DAG in XML

Pegasus
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From the abstraction to execution!
stage-in job

job

Transfers the workflow input data

Command-line programs

Unmapped jobs

dependency

Compute jobs mapped
to an execution site

Information
Catalogs

Usually data dependencies

stage-out job
Transfers the workflow output data

abstract workflow

registration job
Registers the workflow output data

Pegasus
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executable workflow
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Pegasus
dashboard
web interface for
monitoring and debugging
workflows
Real-time monitoring of
workflow executions. It shows
the status of the workflows and
jobs, job characteristics,
statistics and performance
metrics. Provenance data is
stored into a relational database.

Pegasus

Real-time Monitoring
Reporting
Debugging
Troubleshooting
RESTful API

http://pegasus.isi.edu
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Outline

Pegasus

1

Example Pegasus Workflows

2

Pegasus Workflow Management System

3

Challenges and solutions for workflow execution in clusters,
distributed systems, and clouds

4

Future Directions
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Challenges in workflow execution

Failures in the execution
environment or application

Performance

– Small workflow tasks

Pegasus

Data storage limitations
on execution sites

Heterogeneous execution architectures
– Different file systems (shared/
non-shared)
– Different system architectures
(Cray XT, Blue Gene, …)
– Mismatch between tasks and
architectures

http://pegasus.isi.edu
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Data Re-use and Resilience
Want to restart the workflow from where it left off
Sometimes intermediate data is already available
f.ip

f.ip

f.ip
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F
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f.out
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f.out

Abstract Workflow

Pegasus

f.d

File f.d exists somewhere.
Reuse it.
Mark Jobs D and B to delete

http://pegasus.isi.edu

workflow
reduction
data
reuse
workflow-level
checkpointing

Delete Job D and Job B
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There are several possible
H i g h Pe r fo r m a n c e
configurations…
Computing
Compute Site

Input data site
Data staging site
Output data site

Workflow
Engine

submit host

Pegasus

shared
filesystem

typically most HPC sites

http://pegasus.isi.edu
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object storages
C l o u d C o m p u t i nHigh-scalable
g
submit
host

Compute Site

object
storage

Input data site
Data staging site
Output data site

Workflow
Engine

Staging Site
Advantages

Disadvantages

– Can leverage scalable stores

– Duplicate Transfers

– Distribute computations
across resources, such as
supporting spillover from local
resources to cloud resources

– Latencies in transferring
large number of files

– Great bandwidth

Pegasus

– Added costs for
duplicate transfers

http://pegasus.isi.edu

Typical cloud computing
deployment (Amazon S3,
Google Storage)
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You can mix everything!
shared
filesystem

Output data site
Compute site A

Input data site
Data staging site
Workflow
Engine

Data staging site
Compute site B
submit host

Input data site
Output data site

Pegasus
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object storage
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pegasus-transfer

subsystem for various storage systems

Pegasus’ internal data transfer tool

Supports many different protocols

Directory creation, file removal

– If protocol supports, used for cleanup

Credential management

– Uses the appropriate credential for each site and each
protocol (even 3rd party transfers)

Parallel transfers
Automatic retries
Checkpoint and restart transfers

Two stage transfers

– e.g. GridFTP to S3 = GridFTP to local file,
local file to S3

PROTOCOLS
HTTP SCP GridFTP iRods AmazonS3 Google Storage SRM FDT stashcp cp ln -s
Pegasus

http://pegasus.isi.edu

32

Data Management for Containers
container image hosted on a hub

hub

container image
is downloaded as
part of data
stage-in job

container image
is exported as
tar file

container image is
shipped with the
workflow and
made available to
the jobs

compute site

Pegasus workflow

Avoids hitting Docker/Singularity Hub
repeatedly for large workflows

Pegasus
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Optimizing storage usage…
Small amount of space
Automatically add tasks to
“clean up” data no longer
needed

cleanup job

LIGO was running on
Open Science Grid
resources, processing
TBs of data within a
single workflow

Removes unused data

Pegasus
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Optimizing storage usage…
Example of the Montage Astronomy Workflow

1.25GB versus 700 MB

Pegasus
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Data Optimization in LIGO on OSG

Circa 2004

Full workflow:
185,000 nodes 466,000 edges
10 TB of input data
1 TB of output data.

26%
improvement
Test workflow
166 nodes

Southern California Earthquake Center’s
CyberShake PSHA Workflow

W ORKFLO W

Civil engineers ask seismologists: What will
the peak ground motion be at my new building
in the next 50 years?

Workload does not match the
infrastructure

Seismologists answer this question using
Probabilistic Seismic Hazard Analysis (PSHA)

293 workflows
each workflow has 820,000 tasks

Pegasus
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Three Solutions:
Task clustering
A

A

B

B

B

B

B

B

B

B

C

C

C

C

C

C

C

C

D

Partition the workflow into subworkflows and send them for
execution to the target system

D

Use “pilot” jobs to dynamically provision
a number of resources at a time

tasks

Pilot Job
time

Pegasus
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Running fine-grained workflows on HPC systems…
Specialized Workflow Engines Needed for Different Execution Sites

HPC System
rank 1

submit host
(e.g., user’s laptop)

Master
(rank 0)

workflow wrapped as an MPI job

rank n-1

worker

Allows sub-graphs of a Pegasus workflow to be
submitted as monolithic jobs to remote resources

Pegasus MPI-Cluster
Pegasus
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Scientific Workflow Integrity with Pegasus
• Provide additional assurances that a scientific
workflow is not accidentally or maliciously
tampered with during its execution
• Allow for detection of modification to its data
or executables at later dates to facilitate
reproducibility
• Integrate cryptographic support for data
integrity into the Pegasus Workflow
Management System.
Collaboration with Von Welch (IU) and Ilya Baldin (RENCI)

Pegasus
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Data Integrity in Distributed systems

Production workflows run by Pegasus users
• OSG-KINC: a systems biology workflow that performs gene expression analysis
• Population modeling workflow: traces the population migration patterns
through DNA analysis
• Dark Energy Survey Weak Lensing workflow: measuring the shapes of galaxies
in a given region, cosmologists can infer the total mass along the line of sight
• VERITAS: comparing telescope images with simulated ones to find out if a
shower was produced by an actual gamma ray or a cosmic ray,

Pegasus
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Costs of Integrity checking

• Open Science Grid, distributed infrastructure
Total number
of jobs

Total Execution Time spend
time
comparing
(Core hrs)
checksums

Overhead (%)

Population
Modeling

5,000

167 days, 16
hrs

2 hrs 42 mins

0.068%

Weak Lensing

131

2hrs 19 mins

8 mins 43 secs

0.062%

OSG-KINC

1,606

17 days, 23 hrs

14 mins

0.054%

VERITAS

120,000

1 KB in, 2 MB
out
60*

270 MB in, 125
KB out

48 **
Once detected, the errors were recovered
from by Pegasus via retries

* Errors where due to data caching
** Errors due to file transfer tools

Pegasus

Integrity errors Data size (per
detected
job)
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Ensemble Manager

Running
Workflow
Ensembles

Priority: 100

Priority: 120

Priority: 100

Priority: 80

ensemble 2

ensemble 1

Priority: 50

Ensemble Manager can
handle multiple ensembles
of workflows independently

ensemble 3
queued workflow ensembles

Priority: 100

Priority: 100

workflow execution
max_running = 2

Priority: 130

workflow execution
max_running = 1

Priority: 60

workflow execution
max_running = 1

concurrent planning
and execution of
multiple workflows

Workflows within an ensemble may have different priorities
Priorities can also be changed at runtime
Ensembles may limit the number of concurrent planned and running workflows
Ensembles can be paused, resumed, removed, re-planned, and re-executed
A Debugging mechanism is also provided to investigate failures in workflow runs
Prototype feature: support for event triggers that can trigger addition of new workflows to an existing ensemble

Pegasus
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Outline
1

Example Pegasus Workflows

2

Pegasus Workflow Management System

3

Challenges and solutions for workflow execution in clusters,
distributed systems, and clouds

4

Future Directions
Cyberinfrastructure Center of Excellence
Pilot

Pegasus

http://pegasus.isi.edu

44

Future directions: Ease of use and data focus

Enhanced data management
– Collecting
and archiving data from sensors and instruments
Enhancing ease of use
of tools
– Adding data management primitives

Focus on live processing

Reproducibility, transparency, reuse

– Analysis of instrumental data on the fly
– Coupling simulation and data mining/visualization
“in-situ” – within an HPC system

– Explore how we can capture, quantify, publish
workflows in a reproducible way

Pegasus
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Future directions: Real time monitoring and analysis

• Workflow-level analysis using unsupervised clustering
with unlabeled data
cluster similar workflow runs and associate them with
behavioral classes using k-means clustering with
randomized initial centers and Euclidean distance
metric.
• Detection approach: Clustering algorithm will produce
a set of classes. This will be used during online
classification of an incoming feature vector.
compute degree of membership for each cluster for
new workflow instances.

workflow database
REST API

Workflow-level
analysis for anomalies
& failures

workflow events
workflow performance data
network and transfer data

Pegasus WMS
message
queue
performance data
CPU, I/O, etc.

data storage and
visualization

workflow
events

pegasus-kickstart

time series
database

Infrastructure and
Monitoring Tools

Pegasus

Anirban Mandal, RENCI
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Using Machine Learning to predict workflow failure/successes
Work done Anirban Mandal, RENCI

Feature vector collected for each workflow:
#job_instances_succeeded/
#total_workflow_jobs
(J_s, J_f, t_s, t_f, o_j_s)
#job_instances_succeeded/#job_instances_done

Workflow runs with
Failure injection

#job_instances_failed/#job_instances_done
Sum(local_duration(successful_job_instances))/
#job_instances_succeeded
Sum(local_duration(failed_job_instances))/
#job_instances_failed

Pegasus

Anirban Mandal, RENCI

Clean workflow runs
Result of k-means Clustering with optimal number of clusters;
x, y, z axes represent value ranges for scaled features
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Looking ahead: Growing Demand for Automation

HPC Systems
• Complex
• Heterogeneous
• Specialized data
storage
• Increasingly
faulty

Distributed
Systems
• Software Defined
capabilities
• Specialized data
storage

Clouds
• New platform for
science
• Very
heterogenous
• Can be costly

Resource
Management
is Key

Constraints: time, budget
Faulty environment: detection
and attribution
Heterogenous storage:
memory, BB, FS, WAN
Workflow Ensembles can be
challenging to manage

Need to keep track of big data technologies and machine learning solutions
that are being developed at a rapid pace by industry
Pegasus
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Cyberinfrastructure is a critical component of Science today
Large, shared instruments

Distributed instruments
LIGO: searching for
gravitational waves
Understanding
ocean and
coastal
ecosystems
Looking for
exoplanets
Studying climate

Pegasus
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Workshop Key Recommendations

(9/17)
IceCube

• Establish a center of excellence as a resource providing expertise in CI technologies and effective practices related to
large-scale facilities as they conceptualize, start up, and operate.
• Foster the creation of a facilities’ CI community and establish mechanisms and resources to enable
the community to interact, collaborate, and share.
• Support the creation of a curated portal and knowledge base to enable the discovery and sharing of
CI-related challenges, technical solutions, innovations, best practices, personnel needs, etc., across facilities and
beyond.
• Establish structures and resources that bridge the facilities and that can strategically address
workforce development, training, retention, career paths, and diversity, as well as the overall career paths for CIrelated personnel.
Workshop report at http://facilitiesci.org/

October 2018 – September 2020

Award #1842042

CICoE Project Goals: Develop a model and a plan for a
Cyberinfrastructure Center of Excellence
• Platform for knowledge sharing and community building
• Key partner for the establishment and improvement of Large Facilities with
advanced CI architecture designs
• Grounded in re-use of dependable CI tools and solutions
• Forum for discussions about CI sustainability and workforce development and
training
• Pilot a study for a CI CoE through close engagement with NEON and further
engagement with other LFs and large CI projects.

USC Viterbi Magazine, Spring 2018

Conclusions

• Developing production quality software
targeting cutting edge science applications and
heterogeneous cyberinfrastructure:
• Involves algorithm development
• Takes time
• Needs sustained funding

• Collaboration between CS and domain scientists
is critical to make the software relevant
• Need to abstract user’s needs to general
concepts applicable across domains
• Commitment to a vision, to a collaboration are
necessary
Pegasus
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Need A Great Team!
2000

2001

2002

2003
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2016

2017

2018

2018
10

19

18

11

2019
18

10
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Back Row: Tu Mai Anh Do, Mats Rynge, Karan Vahi, George Papadimitriou
Front Row: Rosa Filgueira, Ewa Deelman, Rajiv Mayani
Missing: Rafael Ferreira da Silva, Ashwin Venkatesha
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New students bringing new ideas
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