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            Key Points

                	
                  Biological research is becoming ever more information-driven, with individual laboratories now capable of generating terabyte scales of data in days. Supercomputing resources will be increasingly needed to get the most from the big data sets that researchers generate or analyse.

                
	
                  The big data revolution in biology is matched by a revolution in high-performance computing that is making supercomputing resources available to anyone with an internet connection.

                
	
                  A number of challenges are posed by large-scale data analysis, including data transfer (bringing the data and computational resources together), controlling access to the data, managing the data, standardizing data formats and integrating data of multiple different types to accurately model biological systems.

                
	
                  New computational solutions that are readily available to all can aid in addressing these challenges. These solutions include cloud-based computing and high-speed, low-cost heterogeneous computational environments. Taking advantage of these resources requires a thorough understanding of the data and the computational problem.

                
	
                  Knowing the parallelization of the analysis algorithms enables a more efficient solution to a computational problem by distributing tasks over many computer processors. The types of parallelism can be classified into two broad categories: loosely coupled (or coarse-grained) parallelism and tightly coupled (or fine-grained) parallelism, each benefiting from different types of computational platforms, depending on the problem of interest.

                
	
                  Clusters of computers can be optimized for many different classes of computationally intense applications, such as sequence alignment, genome-wide association tests and reconstruction of Bayesian networks. Cloud computing makes cluster-based computing more accessible and affordable for all. The distributed computing paradigm MapReduce has been designed for cloud-based computing to solve problems such as mapping raw DNA sequence reads to a reference genome (that is, problems that have loosely coupled parallelism).

                
	
                  Cloud computing provides a highly flexible, low-cost computational environment. However, the costs of cloud computing include sacrificing control of the underlying hardware and requiring that big data sets be transferred into the cloud for processing.

                
	
                  Heterogeneous multi-core computational systems, such as graphics processing units (GPUs), are complementary to cloud-based computing and operate as low-cost, specialized accelerators that can increase peak arithmetic throughput by 10-fold to 100-fold. These systems are specifically tuned to efficiently solve problems involving massive tightly coupled parallelism.

                
	
                  Heterogeneous computing provides a low-cost, flexible computational environment that improves performance and efficiency by exposing architectural features to programmers. However, programming applications to run in these environments requires significant informatics expertise.

                
	
                  Cloud providers such as Microsoft make advanced cloud computing resources freely available to individual researchers through a competitive, peer-reviewed granting process. Others providers, such as Amazon, provide advanced cloud storage and computational resources via an intuitive and simple web interface. Users of Amazon Web Services can today not only upload big data sets and analysis tools to Amazon S3 but also solve problems using MapReduce via a point-and-click interface.

                


              

Abstract
Today we can generate hundreds of gigabases of DNA and RNA sequencing data in a week for less than US$5,000. The astonishing rate of data generation by these low-cost, high-throughput technologies in genomics is being matched by that of other technologies, such as real-time imaging and mass spectrometry-based flow cytometry. Success in the life sciences will depend on our ability to properly interpret the large-scale, high-dimensional data sets that are generated by these technologies, which in turn requires us to adopt advances in informatics. Here we discuss how we can master the different types of computational environments that exist â€” such as cloud and heterogeneous computing â€” to successfully tackle our big data problems.
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                    Figure 1: Generating and integrating large-scale, diverse types of data.[image: ]


Figure 2: Cluster, cloud, grid and heterogeneous computing hardware and software stacks.[image: ]
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Glossary
	Petabyte
	
                  Refers to 1012 bytes. Many large computer systems now have many petabytes of storage.

                
	Cloud-based computing
	
                  The abstraction of the underlying hardware architectures (for example, servers, storage and networking) that enable convenient, on-demand network access to a shared pool of computing resources that can be readily provisioned and released.

                
	Heterogeneous computational environments
	
                  Computers that integrate specialized accelerators, for example, graphics processing units (GPUs) or field-programmable gate arrays (FPGAs), alongside general purpose processors (GPPs).

                
	High-performance computing
	
                  A catch-all term for hardware and software systems that are used to solve 'advanced' computational problems.

                
	Bayesian network
	
                  A network that captures causal relationships between variables or nodes of interest (for example, transcription levels of a gene, protein states, and so on). Bayesian networks enable the incorporation of prior information in establishing relationships between nodes.

                
	NP hard
	
                  For the purposes of this paper, NP hard problems are some of the most difficult computational problems; as such, they are typically not solved exactly, but with heuristics and high-performance computing.

                
	Algorithm
	
                  A well-defined method or list of instructions for solving a problem.

                
	Parallelization
	
                  Parallelizing an algorithm enables different tasks that are carried out by its implementation to be distributed across multiple processors, so that multiple tasks can be carried out simultaneously.

                
	Markov chain Monte Carlo
	
                  A general method for integrating over probability distributions so that inferences can be made around model parameters or predictions can be made from a model of interest. The sampling from the probability distributions required for this process draws samples from a specially constructed Markov chain: a discrete time random process in which the distribution of a random variable at a given point in time given the random variables at all previous time points is only dependent on the distribution of the random variable directly preceding it.

                
	General purpose processor
	
                  A microprocessor designed for many purposes. It is typified by the Ã—86 processors made by Intel and AMD and used in most desktop, laptop and server computers.

                
	OPs/byte
	
                  A technical metric that describes how many computational operations (OPs) are performed per byte of data accessed, and where those bytes originate.

                
	Random access memory
	
                  Computer memory that can be accessed in any order. It typically refers to the computer system's main memory and is implemented with large-capacity, volatile DRAM modules.

                
	Cluster
	
                  Multiple computers linked together, typically through a fast local area network, that effectively function as a single computer.

                
	Cluster-based computing
	
                  An inexpensive and scalable approach to large-scale computing that lowers costs by networking hundreds to thousands of conventional desktop central processing units together to form a supercomputer.

                
	Computational node
	
                  The unit of replication in a computer cluster. Typically it consists of a complete computer comprising one or more processors, dynamic random access memory (DRAM) and one or more hard disks.

                
	Central processing unit
	
                  (CPU). A term often used interchangeably with the term 'processor', the CPU is the component in the computer system that executes the instructions in the program.

                
	Virtualization
	
                  Refers to software that abstracts the details of the underlying physical computational architecture and allows a virtual machine to be instantiated.

                
	Operating system
	
                  Software that manages the different applications that can access a computer's hardware, as well as the ways in which a user can manipulate the hardware.

                
	Health Insurance and Portability and Accountability Act
	
                  (HIPAA.) United States legislation that regulates, among many things, the secure handling of health information.

                
	Distributed file system, distributed query language and distributed database
	
                  A file system, query language or database that allows access to files, queries and databases, respectively, from many different hosts that are networked together and that enable sharing via the network. In this way, many different processes (or users) running on many different computers can share data, share database and storage resources and execute queries in a large grid of computers.

                
	Core
	
                  Typically used in the context of multi-core processors, which integrate multiple cores into a single processor.

                
	Graphics processing unit
	
                  (GPU.) A specialized processor that is designed to accelerate real-time graphics. Previously narrowly tailored for that application, these chips have evolved so that they can now be used for many forms of general purpose computing. GPUs can offer tenfold higher throughput than traditional general purpose processors (GPPs).

                
	Field-programmable gated array
	
                  (FPGA). Digital logic that can be reconfigured for different tasks. It is typically used for prototyping custom digital integrated circuits during the design process. Modern FPGAs include many embedded memory blocks and digital signal-processing units, making them suitable for some general purpose computing tasks.

                
	Floating point operations
	
                  (FLOPS). The count of floating point arithmetic operations (an approximation of operations on real numbers) in an application.

                
	Single-molecule, real-time sequencing
	
                  (SMRT sequencing). Pacific Biosciences' proprietary sequencing platform in which DNA polymerization is monitored in real time using zero-mode waveguide technology. SMRT sequencing produces much longer reads than do current second-generation technologies (averaging 1,000 bp or more versus 150â€“400 bp). It also produces kinetic information that can be used to detect base modifications such as methyl-cytosine.

                
	Bucket
	
                  Fundamental storage unit provided to Amazon S3 users to store files. Buckets are containers for your files that are similar conceptually to a root folder on your personal hard drive, but in this case the file storage is hosted on Amazon S3.

                
	Exabyte
	
                  Refers to 1018 bytes. For context, CISCO estimates that the monthly global internet traffic in the spring of 2010 was 21 exabytes.
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