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Executive Summary 

Significant scientific advances are increasingly achieved through complex sets of computations and data analyses. 
These computations, often represented as workflows of executable jobs and associated data flows, may comprise 
thousands of steps. Each step may integrate diverse models and data sources, which may  be developed by different 
groups.  The applications and data may be also distributed in the execution environment. The assembly and 
management of such workflows present many challenges, and increasingly ambitious scientific inquiry is 
continuously pushing the limits of current technology. Today’s workflow systems are able to manage quite complex 
computations that include thousands of components, use dozens of data repositories, and harness resources at dozens 
of sites. However, these applications are structurally simple compared with new emerging requirements from 
scientists to handle streaming data, accommodate interactive steering, support event-driven analysis, and enable 
their creation through collaborative design processes involving many scientists across disciplines. 

To examine the nature of these challenges and to consider what steps should be taken to address them, a Workshop 
on the Challenges of Scientific Workflows was held at the National Science Foundation on May 1-2, 2006. The 
meeting brought together domain scientists, computer scientists, and social scientists to discuss requirements of 
future scientific applications and the challenges that they present to current workflow technologies. 

This report summarizes the discussions and recommendations of the workshop. In this summary, we present two 
major findings and seven recommendations developed by workshop participants. 

Domain scientists consider workflow as a crucial and underrepresented ingredient in Cyberinfrastructure. 
Domain scientists participating in the workshop pointed to the marked disparity between tremendous growth in the 
performance of computers, sensors, data storage, networks, and other system elements, and the decidedly slower 
growth in scientific insight. They asserted that this disparity is due, in part, to the increasing complexity of managing 
ever larger and more distributed computations and data. Domain scientists also expressed concern that because 
sequences of computational activities are typically performed manually, repeatability of scientific processes—the 
cornerstone of the scientific method—becomes nearly unattainable. These two concerns both point to a need for 
workflow systems that can assist with and/or automate the creation, execution, and management of sets of 
computations and the data that those computations produce. Workflow systems must also provide an efficient and 
precise way to characterize and reproduce computations. Such systems should be able to support repeatability, by 
tracking in detail the provenance of every data product in terms of the computations that generated it and input data 
used. They should allow for the convenient re-execution of a computational process with alternative data. Workflow 
systems can also support scientific exploration by facilitating and tracking the creation of alternative workflows. For 
all these reasons, workshop participants saw workflow systems as being an increasingly important foundation for 
scientific progress. 

Computer scientists consider workflows as an enabler to automate and manage complex distributed 
computations. Computer scientists participating in the workshop argued that workflows can play a valuable role in 
scientific work by providing a formal and declarative representation of complex scientific processes that can then be 
managed efficiently through their lifecycle from assembly to execution and sharing. However, they agreed that 
important issues crucial to the more widespread application of workflow tools, such as workflow representation, 
execution management, and sharing, are largely unexplored. While existing workflow systems can address some of 
these issues in limited ways, current techniques are unlikely to adequately address the challenges of future scientific 
workflows in terms of their complexity, scope, heterogeneity, interactivity, collaborative nature, and execution 
management. Tackling these challenges will require contributions from diverse areas of computer science research, 
including distributed computing, artificial intelligence, software engineering, programming languages, semantic 
web, and collaborative software. Additional expertise will be needed from other domain of science as well, such as 
cognitive science, human computer interfaces, operations research, and possibly others. 
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The following recommendations were made by the workshop participants: 

• Support basic research in computer science to create a science of workflows. Although existing systems are 
addressing important issues such as workflow creation, planning, and execution, more comprehensive research 
is needed to provide easy-to-use workflow construction tools, develop sophisticated automation tools, provide 
robust workflow execution, manage complex dynamic workflows, etc. There are many open research issues to 
be resolved in computer science proper that will enable significant progress in the research agenda of scientific 
workflows. 

• Make explicit workflow representations that capture scientific analysis processes at all levels the norm 
when performing complex distributed scientific computations. We need workflow representations at 
different levels of abstraction, so that we can represent workflows at different levels of refinement, from 
abstract application-level definition down to operational, system-specific description. These workflow 
representations can become a starting point for defining common representations that can be interpreted by a 
variety of workflow systems.  

• Integrate workflow representations with other forms of scientific record. Data created through workflows 
should include representations of those workflows as metadata. Articles in scientific publications should include 
not only textual descriptions of the processes utilized, but also formal descriptions specified as workflows. 
Laboratory notebooks and invention records should be annotated with workflows and the rationale for their 
design and final configuration. 

• Support and encourage cross-disciplinary projects involving relevant areas of computer science as well as 
domain sciences with distinct requirements and challenges. Cross-disciplinary projects between computer 
scientists and application scientists are needed to ensure that research efforts are directed towards areas where 
they can have a significant impact. Other disciplines, such as social sciences and cognitive science should also 
be engaged to meet the stated challenges. 

• Provide long-term, stable (five or more years) collaborations and programs. Based on the experiences of 
the NSF ITR program and the UK e-Science program, the greatest successes were obtained in collaborations 
that were funded for five years or more, so that collaborations had time to mature and obtain significant results. 

• Define a roadmap to advance the research agenda of scientific workflows while building on existing 
cyberinfrastructure. Significant investment in cyberinfrastructure, has resulted in production quality services 
for data management, high-end and large-scale computation, resource sharing, and distributed computing. It 
will be important to articulate anticipated requirements to support scientific workflows in the coming years, and 
develop a roadmap for how the current infrastructure can evolve to accommodate the challenging research 
agenda that lies ahead. A follow-up workshop on this topic in the near future would be highly beneficial. 

• Coordinate between existing and new projects on workflow systems and interoperation frameworks for 
workflow tools. Many current projects have evolved in isolation, working with non-intersecting scientific 
communities. Capturing best practices will enable a better understanding of the existing capabilities. It will be 
beneficial to consider the development of a common framework, so that various workflow tools can be 
integrated and interchanged with others. Scientists will then be able to concentrate on the science rather than 
have to worry about the particulars of different workflow systems. 

• Hold follow-up, cross-cutting workshops and meetings. More workshops are needed, to bring together 
scientists from various domains. Encourage discussion between sub-disciplines of computer science, to and 
bring in human factors and collaboration considerations to workflow management systems.     


