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Revolutionizing neuromorphic computing for science

Engineering novel neuromorphic computing systems with functionalities, capabilities, and energy efficiency similar to
biological brains is one of the most exciting and challenging scientific endeavors of our time. In September 2024, the U.S.
Department of Energy’s Office of Science (DOE-SC) convened a workshop to identify potential opportunities and explore
proof of principle neuromorphic circuits applicable for high performance computer (HPC) acceleration for large-scale
Al and for scientific discovery. This workshop was motivated by the DOE-SC ‘s long-term investment in energy-efficient
supercomputing and related technologies.

This workshop discussed the key research needs, challenges, and next steps necessary to develop biologically realistic
neuromorphic circuit primitives ( e.g. complex neurons, neuro-inspired connectivity motifs, etc.) that capture the
functionality of neural systemsfoundin nature. The need forinnovationsinthe modeling and simulation of neuromorphic
computing primitives is essential for understanding intelligent behavior at large scales meaningful for solving
DOE-relevant scientific problems. Effective use and insights of neuroscience datasets and metrics are needed to vet
proposed neuromorphic circuits and simulations.

Interdisciplinary collaboration is key to the success of revolutionizing neuromorphic computing. This workshop brought
together a diverse range of experts from DOE national labs and academia to adequately address the multi-faceted
challenges across the three main areas in:

» neuroscience,

« microelectronics, and

+ large-scale simulations.

Workshop contributors submitted position papers that were discussed in breakout sessions cross-cutting neuroscience,
microelectronics and large-scale simulation. Plenary sessions were used for keynote presentations to frame scientific
opportunities and present roadmaps for future technologies. Interdisciplinary discussion groups identified four priority
research directions (PRDs), detailed below.

The workshop report is available from https://www.osti.gov/ at DOI: https://doi.org/10.2172/2476969
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Interdisciplinary innovation in neuromorphic computing

Priority Research Directions

PRD #1: Accelerate the design and prototyping of neuromorphic computing circuit primitives

Key questions: What are the key neuromorphic circuit primitives that capture the functionality of critical
biological computing mechanisms? How can appropriate models of the computational primitives

and dynamics of diverse neural components be derived? How can these components be translated to
neuromorphic circuits with the expressivity and complexity of biological neurons?

Revolutionizing neuromorphic computing requires understanding the computational components and
principles, e.g., dendritic trees and local plasticity, that underpin the brain’s functionality and robustness.
These biological primitives must be translated into functionally equivalent circuits that could be
implemented and validated with a computer system. Novel neuromorphic circuits based on current and
emerging technologies guided by neuroscience-inspired functionality need to be engineered to realize
energy efficient high-performing computational systems by six orders of magnitude.
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ﬂg@ PRD #2: Transform neuromorphic connectivity, communication, and hardware integration

Key questions: What neural network connectivity from biology should be abstracted to enable the design
of neuromorphic circuits and systems? How can brain connectivity motifs be translated into scalable
communication mechanisms? How can neuromorphic primitives be organized for optimal energy
efficiency and information movement?

Significant connectivity and communication challenges exist in tackling practical integration of
neuromorphic computing hardware at scale and with instrumentation for scientific computing.

Multi-scale connectivity, relevant circuit motifs from connectome data and efficient encoding schemes
should be leveraged and appropriately translated to neuromorphic circuits. Advances in this critical
domain will enable the design of high-bandwidth and massively parallel connectivity across neuromorphic
processing units.
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PRD #3: Leverage neuro-inspired dynamics and functionality to design neuromorphic algorithms

Key questions: How can scalable and high-performance neuromorphic algorithms be designed? How
can multiscale neural dynamics be harnessed to develop adaptive, efficient, and robust neuromorphic
systems with stable functionality? How can relevant emergent neural behavior and theories inform
neuromorphic computing at scale?

To achieve the greatest impact, it is essential to develop strategies for creating neuromorphic algorithms
that inherently leverage the dynamics and emergent behaviors of biological neural circuits at various
scales, while also harnessing the efficiencies and parallelism offered by neuromorphic hardware. By taking
advantage of the brain’s heterogeneity, configurability, and dynamics, neuromorphic computing can
revolutionize the next generation of advanced computing.

PRD #4: Pioneer an integrated ecosystem for scalable neuromorphic co-design

Key questions: How can the large multi-dimensional co-design space for neuromorphic circuits and
systems be effectively explored? What are the capabilities needed for accelerating simulation and
prototyping of neuromorphic circuits and systems? What infrastructure is needed for benchmarking and
validation across the stack using neuroscience-derived data and metrics?

Understanding the functionality of neuromorphic systems of relevance to DOE applications requires
the integration and scale-up of hardware-aware simulations up to hundreds of millions of neurons and
synapses. Novel co-design methodologies and high-performance computing are therefore required.
Capabilities for simulation and prototyping as well as data-driven benchmarks should support a strong
integrated ecosystem in neuromorphic innovation relevant to the Department of Energy’s mission.



A grand challenge for our time is to rethink computing in an efficient, intelligent, and extremely scalable way beyond
the existing digital Al paradigm by using inspiration from the brain. Neuromorphic computing offers the promise of
enhancing energy efficiency and enabling new algorithms and capabilities both for high performance computing

and at the edge. Therefore, interdisciplinary research is critical to identify the key neuromorphic primitives and their
scalable modeling and implementation. Breakthroughs in understanding, designing, and prototyping the circuitry
and simulation capabilities for a truly neuromorphic computer are essential to enable progress in the field. By taking
advantage of the brain’s heterogeneity, configurability, and dynamics, neuromorphic computing has the potential to
advance large-scale scientific simulations, revolutionize intelligent agents and deliver energy efficiency beyond the
exascale. The impact of neuromorphic computing and the fundamental basic research needed in this area is essential
to the success of scientific computing relevant to the Department of Energy.

Workshop Co-Chairs: Gina Adam, George Washington University, Garrett Kenyon, Los Alamos National Laboratory, Thomas Potok, Oak Ridge National Laboratory
DOE Lead Program Manager: Robinson Pino, Office of Science, Advanced Scientific Computing Research
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