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Standardizing the Next Generation of 
Bioinformatics Software Development With 
BioHDF (HDF5) 

BioHDF BoF SC09 

TM 
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Overview 

•  Driver: bioinformatics challenges in Next 
Generation DNA Sequencing (NGS) 

•  BioHDF project and examples 
•  HDF5 (Hierarchical Data Format) 
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–  Christopher Mason 
–  Paul Zumbo 

•  Yale 
–  Stephen Sanders 

•  The HDF Group 
–  Mike Folk 
–  Dana Robinson 
–  Ruth Aydt 

•  Tahoe Informatic 
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Next Generation DNA Sequencing 

“Genome center in a mail room” 

“Democratizing genomics” 

“Changing the landscape” 

“The beginning of the end for microarrays” 

“Transforms today’s biology” 
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Example: Measuring Gene Expression 

Total Organisms 1,683 

Total ESTs 59,498,205 

   Human 8,163,902 

   Mouse 4,850,605 

   Maize 2,018,337 

   Arabidopsis 1,526,124 

   Cattle 1,517,143 

   Pig 1,476,771 

   Soybean 1,380,071 

   Zebra Fish 1,380,017 

   5 others >1,000,000 

dbEST - Jan 20, 2009 
Experiment Measurements 
SAGE 1,000-100,000 
Microarrays 1.4 M (probes) 

0.8 M (probes) 
48 K (transcripts) 

Other Technologies 

Instrument Measurements 
454 Titanium 1,000,000 
Illumina GA 80,000,000 
SOLiD V3  180,000,000 

Next Generation Sequencing 

Greater sensitivity, higher dynamic ranges 
+ Qualitative data: isoforms, alleles, …  
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NGS is Daunting 

“Prepare for the deluge” 

“Byte-ing off more than you can chew” 

“These sequencers are going to totally screw you” 
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NGS Data are Analyzed in Three Phases 
Primary Data Analysis - Images to bases 

Secondary Data Analysis 

Tertiary Data Analysis 

Sequences + 
Quality values 
Run quality 

Gene lists 
Read Density 
Variant list 
Sample, run quality 

Differential expression 
Methylation sites 
Gene association 
Genomic structure 
Experiment, science 

Ref Seq + 
Aligner 

One or more 
Data sets 

Secondary Data 
Production 
De novo assembly => 

Assembler 

Contigs + Annotation 
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Secondary Analysis is Complex 

Tag profiling ChIP-Seq Resequencing 

Examples: MAQ  - http://maq.sourceforge.net 

Secondary Analysis for: 

Story repeats for BWA, Bowtie,  
TopHat, Mapreads, SOAP  …  
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Complexity Limits Scale and Productivity 

•  Data are fundamentally unstructured  

•  Solve problems with redundant data processing 
–  Incremental processing with data filtering  
–  New question - rerun alignments  

•  Each question needs a new output format 
–  One file for tables of alignments 
–  Another file with bases aligned to see mismatches 
–  Another file to ask statistical questions 

–  More files and images for visualization   
–  Files are linked by virtue of being in the same directory 
–  Perl hashes fill up and keep running out of disk space 
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Makes Getting Answers Difficult 

10 - 100 
million reads 

Align to 
reference data 

Review results,  
make decisions 

Process Applications 

Parse files, reformat 
data, create reports 

Small RNA 

Epi-Genomics 

Variation Analysis 

Gene Expression 
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And Comparing Between Samples Hard 

10 - 100 
million reads 

Align to 
reference data 

Repeat n times,  
With n samples 

Review results,  
make decisions 

Process Explore Data Between Samples 
And drill into details 

Alternative splicing Compare expression 
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What is Desired  
1.  Scalable systems with smoothly operating user interfaces 
2.  Summarize results and drill into details for single samples 
3.  Compare results between samples and within groups 
4.  Integrate multiple high-dimension datatypes  

Data must be structured, indexed, and annotated 

Need a better way to work with NGS data and information 
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Current Efforts 

•  SAM (Sequence, Alignment, Mapping) format 
–  1000 genomes 
–  Text-base format to hold alignment data 

•  BAM and SAMTools 
–  Binary SAM 
–  Designed to improve data handling performance  
–  Indexes data, compression 

•  Useful model and first binary implementation 
standard (bigBed, bigWig) 

•  Developed as specific point solutions 
•  Benchmarking standard 

Li H., et. al. 1000 Genome Project Data Processing Subgroup, 2009. The 
Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079. 
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Performance is Only One Requirement 

•  Reduce systems complexity 
– Separate data model and implementation 
– Development and debugging tools 

•  Integrate diverse data and information 
•  Platform maturity 
•  Broad, stable support 
•  Extensible systems that can meet the 

unknown requirements 
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Current Efforts Address Performance 

Tag profiling ChIP-Seq Resequencing 

Examples: MAQ  - http://maq.sourceforge.net 

Secondary Analysis for: 

Story repeats for BWA, Bowtie,  
TopHat, Mapreads, SOAP  …  
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BioHDF Project 

•  NIH STTR 
–  Geospiza, Seattle WA 
–  The HDF Group, Urbana/Champaign IL 

•  Goal: Use an existing proven technology to move 
bioinformatics problems from organizing and 
structuring data to asking questions and visualizing 
data 
–  Develop data models and tools to work with NGS data in HDF 

(Hierarchical Data Format) 
–  Create HDF5 domain-specific extensions and library modules to 

support the unique aspects of NGS data => BioHDF 
–  Integrate BioHDF technologies into Geospiza products 

•  Deliver core BioHDF technologies to the community 
as open-source software 
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Data Model 

•  HDF 
–  Groups 
–  Datasets 
–  Attributes 

•  BioHDF 
–  Sequences 
–  Reference DBs 
–  Alignments 
–  Gene Models 

(annotations) 
–  Single or Multiple 

files 
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Example Implementation 

Pipelines executed via 
GSAE remote analysis 
server (RAS) - API


Gene model

+ format
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reads reads 

ref data 

alignments 

HDF file(n) 
Sample (n) 

ref data 

alignments 

HDF file2 
Sample 2 

Enables Deeper Integration: Data and Results 

reads 

ref data 

alignments 

HDF file1 
Sample 1 

Series of sources  

Sample 1 (exon-crossing) 
Sample 2 (exon-crossing) 

annotations 

queries  

.wig 
.bed 
file 

Integrate between systems 

Data by 
range 

fo
rm

at
te

rs
  

Integrate data across platforms 

Integrate samples / annotations Base 
comp. 
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Simplifies Data Mining 

Small RNA Analysis 

Splicing / Exon Analysis 

miRBase 

rRNA/ 
mtDNA 

reads 

Adapter/ 
Primers 

alignments 

HDF file1 
Sample 1 

Sources  

annotations 

queries  

fo
rm

at
te

rs
  

Transcripts 

Genome 

Exon 
junctions 

One alignment step, different questions  

“Subtractive” 
question 

“Biology” 
question 

Examine 
match quality 

Splicing / Exon Analysis 
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HDF vs BAM Performance 

•  Avg. 8x import 
improvement 

•  Avg. 4x export 
improvement 

•  Improved 
compression 

•  Improved 
organization 

•  Consistent scaling 
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Additional Performance 

Flat File World HDF5 World 

fasta file  609 MB - no random access   143 MB - compressed, 
random access 

Bowtie Alignments = 
fasta + alignment  1033 MB - no random access 284 MB -  index,                 

374 MB + index 

Export Alignments (ch5): 
100 Mbase region  

10 Mbase region 
   1 Mbase region 
0.1 Mbase region 

~1 M alignments 
450000 alignments  

44000 alignments 
4000 alignments         

600 alignments   

1470 ms 
735 ms 
735 ms   
735 ms 
735 ms 

~1 M alignments 
450000 alignments  

44000 alignments 
4000 alignments         

600 alignments 

1100 ms 
540 ms 

62 ms   
19 ms 
15 ms 

Development > Months - develop file formats, 
indices, access libraries, and 
debug to make efficient 

Days, Weeks - write I/0 
code - parsers, loaders,  
and access methods 

HDF improves storage, access, and development efficiency 
without adding computational overhead 

Test Case: 9.3 million GA reads aligned to HG build 36.1 
(4-core 3GHz Intel Xeon) 
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Value of Development Time 

Focus on: 
•  Working with 100s of million reads 

for 100s of samples 
•  Measuring gene expression 
•  Identifying isoforms 
•  Observing sequence and structural 

variation 
•  Drilling into details from summaries 

Instead of: 
•  Developing and debugging low 

level infrastructures to support 
“novel” binary data formats 

•  Optimizing high-end hardware 
system 

•  Tuning and redesigning RDBMS 
and other implementations 

exons Exons observed 
Sample A vs Sample B 

Splice 
Index ID 
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Why HDF? 

  Arrays, rich data types, groups 
accommodate every kind of data 

  Store any combination of data 
objects in one container. 

  Performance: fast random access 
and efficient, scalable storage 

  Portability, data sharing: platform 
independent, self describing, 
common data models 

  Tools for viewing, analysis:  
HDFview, MATLAB, others 

  Widespread: used in academia, 
govt, industry - MATLAB, IDL, 
NASA-Earth Observing System 

A platform for creating software to 
work with many kinds of scientific data   

HDF: 20 Years in Physical Sciences 
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•  HDF5 Abstract Data Model 
–  Defines the “building blocks” for data organization and 

specification 
–  Files, Groups, Links, Datasets, Attributes, Datatypes, 

Dataspaces 

•  HDF5 Software 
–  Tools  
–  Language Interfaces 
–  HDF5 Library 

•  HDF5 Binary File Format 
–  Bit-level organization of HDF5 file 
–  Defined by HDF5 File Format Specification 

HDF5 Platform 

HDF Group 
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HDF Software  

 Command Line Tools 

Library Extensions 

Modifications 

BioHDF 

Model 
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HDF5 API and Applications 

I/O Drivers 

Virtual File 
Layer POSIX 

I/O 
Split 
Files MPI I/O Custom 

Internals Dataspace 
Selection 

Datatype 
Conversion Filters Chunked 

Storage 
Version 

Compatibility 
and so 
on… 

Language 
Interfaces 
C, Fortran, C++ 

HDF5 Data Model Objects 
Groups, Datasets, Attributes, … 

Tunable Properties 
Creation, Access, Transfer, .. 

H
D

F5
 L

ib
ra

ry
 

… 

… 

HDF5 API 

Storage 

Domain Data 
Objects 

 EOS 
library 

Applications YourBioApp aClimate 
Model 

myApp 

netCDF4 
  library 

Sony Pict 
  Field3d 

 BioHDF 
  library 

MATLAB© 

HDF Group 
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Prepared to Manage Systems Biology Data 

COMMUNICATIONS OF THE ACM – October 2009 

HDF Group 
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Benefits 

•  Separates the model, 
implementation, and            
view of the data 

•  Combines data from 
multiple samples 

•  Compression and other 
performance advantages 

•  Rapid prototyping 
environment 

•  Significant reduction in 
development time 

•  Approaching problems 
differently 

Only had to define the model, data importers, and export tools 
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Geospiza - Bioinformatics since 1997 

GeneSifterTM Laboratory and Analysis Software Systems 

From Samples to ResultsTM 

•  For: Core, Service, Data 
Production Laboratories and 
Research Scientists 

•  Working with: Sanger 
Sequencing, Microarray, Next 
Generation Sequencing, and (or) 
other platforms 

•  GeneSifter supports: Laboratory 
operations, Data Management, 
Multiple Levels of Data Analysis 

•  Delivered cost effectively: 
through hosted and on-site 
delivery models.   



Confidential © Copyright 2009 Geospiza, Inc. All Rights Reserved.  Page 31 

Next Steps 

More information, getting involved 

Contact: todd@geospiza.com 

Dana Robinson derobins@hdfgroup.org 

http://www.biohdf.org 


