
Importance of Cyberinfrastructure for Scientific Discovery

F. Alex Feltus, Ph.D.
Clemson Dept. of Genetics & Biochemistry (Professor)

CU-MUSC Biomedical Data Science & Informatics Program (Member)
CU Center for Human Genetics (Member)

Allele Systems LLC (CEO)
PraxisAI (Founder)

Internet2 Board of Trustees (Member)

ffeltus@clemson.edu
Rethinking NSF’s Computational Ecosystem for 21st Century Science and Engineering

July 22 2019 @ 8.40am



Angiosperms

My BIOLOGY Lab = 1/3 Animal; 1/3 Plant; 1/3 Computational

Vertebrates

Bioinformatics/ Cyberinfrastructure

http://upload.wikimedia.org/wikipedia/en/0/0a/Maize_ear.jpg


Information in Bible vs Human Genome

774,746 Words
26 letter alphabet

58,721 Words (Genes)
4 letter alphabet (ATGC)

John 3:16: For God so loved the 
world that he gave his one and 
only Son, that whoever believes 
in him shall not perish but have 
eternal life.

John 3:16: For God so loved the 
world that he gave his one and 
only Sun, that whoever 
believes in him shall not perish 
but have eternal life.

AATGGAGCCACATAACACATTCAAACTTACTTGCAAAATAT

AATGGAGCCACATAACACATGCAAACTTACTTGCAAAATAT

One letter change = big difference!

One letter change = higher risk for breast cancer!

http://www.biblegateway.com/passage/?search=John.3.16
http://www.biblegateway.com/passage/?search=John.3.16


What is a genome?  What is a gene?

Human Genome “Facts”
Initiation instructions for development
(3.2 billion*2) ATGCN
46 total chromosomes
24 unique chromosomes 
24 strings (Chr1 = 250 million ATGCN)

Gene

1-2TBs/human = 
Electronic Medical Record



We use advanced cyberinfrastructure to move and process terabytes 
of DNA sequence to build biological networks



A Lot Has Happened in Biology in the Last Decade
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29.8 petabytes of 
DNA in 10 years

DNA Databases are Swelling
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Data Networks are Flowing
1.6 exabytes/year

DNA Sequencing Cost is Dropping
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$100/genome 
(23andMe)
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Diverse Downstream Workflows
Gene Expression Quantification
Differential Gene Expression Analysis
DNA Polymorphism Discovery
Deep Learning Biomarker Analysis 
Gene Co-expression Analysis

iRODs

Source: Feltus Lab

Computational Workflows Are Part of the Modern Biology Lab



We Run Workflows at the Tera/Petascale on Multiple Systems

SciDAS (Scientific Data Analysis at Scale): NSF CC*

2021 compute nodes (23072 cores) 814.4 TFlops.
100Gbit Internet2; Condo Model

In 2017 on OSG …
8.43 Million Wall Hours 
4.50 Million CPU Hours
8.92 Million Jobs
16.6 Million Transfers
4.07 PB

PRP/NRP Kubernetes Cluster

Clemson Palmetto Cluster Open Science Grid

Google Cloud Platform Cisco Hybrid Cloud



Nextflow 
and 

Kubernetes

Imaged pulled from https://www.nextflow.io/docs/latest/kubernetes.html

Kubernetes + NextFlow + Applications in Containers

https://www.nextflow.io/docs/latest/kubernetes.html


Cisco – Hybrid Cloud GCP - GKE National Research Platform

A Yeast Gene Network Unit Test Built Across Three Kubernetes Clusters



{
"id": ”pegasus-htc",
"containers": [
{
"id": "submitter",
"image": "scidas/kinc-submitter",
"resources": { "cpus": 2, "mem": 4096,"disk": 10240
},
"cluster": "chameleon",
"port_mappings": [{"container_port": 22, "host_port": 0,"protocol": "tcp"}],
"args": 
[

"-f","chameleon-master,aws-master,azure-master", 
"-k", "ssh-rsa
AAAAB3NzaC1yc2EAAAADAQABAAABAQC303e2y8aUaMQ1IkHWnGFyb5XykxO
M5pLK83XFxWZMKsbYcgmkoODZ4w4COratlQPyMXSz7yaFUbYUccXjIjz8SDZf/9
c3xI0UuILOiVfb5Ql/dsfssgsfvxcvfdsss321nksnvsnvlkvlksvkkdkddvlkssvn/xk+TOR
ZYK3CE3Oqu9p77nrFM7W3M5khsb5Qg/z0W1TQmVWvo5/i3QbDK6YaWhw/0
DXjfCeEtdlTVdIq1EJxMWuJnm5IptB1EtG9GBhuHq5Ct2XkUh",

"-u”, "irodsuser","-p",“fdsfsfsdczxv3rr3r",
"-h","irods-renci.scidas.org", "-z", “irodsZone"

]
},
{
"id": "chameleon-master",
"image": "scidas/htcondor-worker-centos7:1",
"cluster": "chameleon",
"resources": {

"cpus": 48,
"mem": 49152,
"disk": 10240

},

Input Output

Example SciDAS “HTCondor” SciApp
(Pegasus + HTCondor+ KINC)

Other SciApps
SLURM-NEXTFLOW
Kubernetes-Galaxy
Kubernetes-Nextflow
Jupyter Notebook
TOIL-CWL



12

http://en.wikipedia.org/wiki/FASTQ_format

SEQUENCE

QUALITY

http://www.asciitable.com/

Base Call Quality (Q) score is 
ASCII Decimal# minus 33 
(usually). 
Q(I)=40:::99.999% Accuracy

http://en.wikipedia.org/wiki/Phred_quality_score

INPUT: DNA SEQUENCE/QUALITY FASTQ FILE
(10 – 200 Million “DNA Reads”; $slen=36-300 characters))



Partial Data Transfer Reduces Time to Result 



Virtualization System
Metadata to encode 
rich information

Rule engine programmed 
with rules to enact policies Data Federation

iRODS Distributed Data grid

• Integrated Rule Oriented Data System (iRODS) 
provides a distributed unified namespace over 
SciDAS storage infrastructure across Clemson, RENCI 
and WSU (4.2 petabyte Data Grid;1232 indexed 
genomes; GEM-GCN Storage)

• iRODS provides enable policy-driven management 
critical to data-sharing collaborations in SciDAS

Terrell Russell, Michael Stealey, Jason Coposky, Ben Keller, Claris Castillo, Ray Idaszak, 
Alex Feltus. Distributing the iRODS Catalog: A Way Forward. iRODS UGM 2017 
Proceedings. Page 35, 2017.



Named Defined Networking (NDN) “Data Grid”

https://named-data.net

NDN Design Principles

•[1] Universality: NDN should be a common network protocol for all 

applications and network environments.

•[2] Data-Centricity and Data Immutability: NDN should fetch uniquely 

named, immutable “data packets” requested using “interest packets”.

•[3] Securing Data Directly: Security should be the property of data packets, 

staying the same whether the packets are in motion or at rest.

•[4] Hierarchical Naming: Packets should carry hierarchical names to 

enable demultiplexing and provide structured context.

•[5] In-Network Name Discovery: Interests should be able use incomplete 

names to retrieve data packets.

•[6] Hop-by-Hop Flow Balance: Over each link, one interest packet should 

bring back no more than one data packet.



We Published 1,232 Indexed Genome Files in NDN Framework

• 1,232 Genomes pulled from iRODS-SciDAS Data Grid (NSF CC*1659300)
• >500 Gigabytes in Aggregate (tar-gz compressed)
• WSU indexed; CSU-CU moved to NDN
• Naming: ‘Genus->Species->Intraspecies->Assembly->Files’
• NDN Caching near Genomics Workflows!

Hierarchical Named Data Format
[genus][species]{[infraspecific name]}/[assembly_name] that contains these files:
>          [genus]_[species]{_[infraspecific name]}-[assembly_name].{n}.ht2
>          [genus]_[species]{_[infraspecific name]}-[assembly_name].gff3
>          [genus]_[species]{_[infraspecific name]}-[assembly_name].fasta
>          [genus]_[species]{_[infraspecific name]}-[assembly_name].gtf
>          [genus]_[species]{_[infraspecific name]}-[assembly_name].Splice_sites
>          [genus]_[species]{_[infraspecific > name]}-[assembly_name].meta.json

/scidasZone/sysbio/PynomeGenomes/Genome/Zymoseptoria_tritici/MG2:
>        Zymoseptoria_tritici-MG2.1.ht2
>        Zymoseptoria_tritici-MG2.2.ht2
>        Zymoseptoria_tritici-MG2.3.ht2
>        Zymoseptoria_tritici-MG2.4.ht2
>        Zymoseptoria_tritici-MG2.5.ht2
>        Zymoseptoria_tritici-MG2.6.ht2
>        Zymoseptoria_tritici-MG2.7.ht2
>        Zymoseptoria_tritici-MG2.8.ht2
>        Zymoseptoria_tritici-MG2.fa
>        Zymoseptoria_tritici-MG2.gff3
>        Zymoseptoria_tritici-MG2.gtf
>        Zymoseptoria_tritici-MG2.meta.json
>        Zymoseptoria_tritici-MG2.Splice_sites

Genome Example

Fungal Genet Biol. 2015 Jun; 79: 17–23.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4502449/


NDN Data Discovery Via a Web Based UI and Moved 
(or copied from cache) to an Endpoint on the Network 

http://atmos-sac.es.net/genome/

http://atmos-sac.es.net/genome/


A Lot Will Happen in Biology in the Next 15 Years

The tea leaves say…

In 2019, most R1 biology labs  are outsourcing DNA sequencing.
Terascale genomics experiments are common now.

In 2029, every university research lab will have a DNA sequencer. 
R1 research labs will move to the peta-/exascale in this PhD generation.

In 2034, all pharmacies, subways, hospitals, police stations, etc will have DNA sequencers. 
These IoT DNA “sensors” will generate exabytes of data in aggregate each week. 

I am only talking DNA Sequencers…not CryoEM, Simulations, Medical Imaging



Genomics Scale Up Observations

Issues:::Solutions
• Unpredictable time to compute result (queue times, queue times, queue times, broken 

nodes, segfaults, OOM, data geography, short walltimes) :::Software optimization; Real 
Parallel + Redneck Parallel Computing on GPUs/CPUs; SciDAS

• Not enough computational resources:::OSG, XSEDE, NRP/PRP, SLATE, Cloud
• Not enough in-lab ACI knowledge::: IT Engineer Lunch Dates, Governance committees, 

Research Facilitators, Software Carpentry, Collaborations: CS/CE/Engineering 
Departments/NRT

• Not enough storage:::Shared Data Grids; Negotiate cheaper storage with campus IT; Move 
to Cloud; Leverage /scratch space for intermediate files

• Poor use of advanced networks:::Avoid Commercial Internet; Perform data life cycle 
analysis and push data close to network; Data caching

• Data Organization:::iRODs DataGrid; Tripal Databases; Named Defined Networking

Prediction: Giga-/Tera scale genomics 
experiments will move into the 
peta-/exa scale in this PhD generation.  
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● “CC*Data: National Cyberinfrastructure for Scientific Data Analysis at Scale (SciDAS)
Source: NSF-CC* [1659300]  (A. Feltus PI)
● “MCA-PGR: Spatial and Temporal Resolution of mRNA Profiles During Early Nodule 
Development.”
Source: NSF-PGRP [1444461] (J. Frugoli PI)
● “RCN: Advancing Research and Education Through a National Network of Campus Research 
Computing Infrastructures - The CaRC Consortium”
Source: NSF [1620695] (J Bottum PI > A. Feltus PI)
● “MRI: Acquisition of a Cyberinstrument for Interdisciplinary Computational Science and 
Engineering.”
Source:  NSF-MRI [1725573] (A. Apon PI)
Historical
●“Tripal Gateway: Platform for Next-Generation Data Analysis and Sharing.”
Source: NSF-DIBBS [1443040] (S. Ficklin, PI)
● “BIGDATA: F: DKM: Collaborative Research: PXFS: ParalleX Based Transformative I/O System for 
Big Data”
Source: NSF-BIGDATA [1447771] (W. Ligon PI)
● “Genomic and Breeding Foundations for Bioenergy Sorghum Hybrids.”
Source: Plant Feedstock Genomics for Bioenergy [DE-FOA-000041] (S Kresovich, PI). 
● “Big Data Visualization REU”.  
Source:  National Science Foundation [1359223](V Byrd, PI)
● “MRI: Acquisition of a High Performance Computing Instrument for Collaborative Data-Enabled 
Science.”  Source:  National Science Foundation [1228312] (A Apon, PI)
● “CC-NIE Integration: Clemson-NextNet”
Source:  National Science Foundation [1245936] (KC Wang, PI)
● “Building non-model species genome curation communities.”
Source:  National Evolutionary Synthesis Center (NESCent) (A Papanicolaou, PI)
● “Big Data Analysis Tools for Agricultural Genomics.”  
Source: Clemson University Experiment Station (USDA Hatch Project) [SC-1700492] (A. Feltus PI).

Thank You Funding Agencies!!!!!
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Change DNA and Change The Person: Coffee Example

https://www.23andme.com/health/Caffeine-Metabolism/

TGTGGGCACAGGAC

TGTGGGCACAGGAC

TGTGGGCCCAGGAC

TGTGGGCACAGGAC

TGTGGGCCCAGGAC

TGTGGGCCCAGGAC

The sequence of DNA contains information on 
how an organism responds to the world.


