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            Abstract
Neuromorphic computing draws inspiration from the brain to provide computing technology and architecture with the potential to drive the next wave of computer engineering1,2,3,4,5,6,7,8,9,10,11,12,13. Such brain-inspired computing also provides a promising platform for the development of artificial general intelligence14,15. However, unlike conventional computing systems, which have a well established computer hierarchy built around the concept of Turing completeness and the von Neumann architecture16,17,18, there is currently no generalized system hierarchy or understanding of completeness for brain-inspired computing. This affects the compatibility between software and hardware, impairing the programming flexibility and development productivity of brain-inspired computing. Here we propose â€˜neuromorphic completenessâ€™, which relaxes the requirement for hardware completeness, and a corresponding system hierarchy, which consists of a Turing-complete software-abstraction model and a versatile abstract neuromorphic architecture. Using this hierarchy, various programs can be described as uniform representations and transformed into the equivalent executable on any neuromorphic complete hardwareâ€”that is, it ensures programming-language portability, hardware completeness and compilation feasibility. We implement toolchain software to support the execution of different types of program on various typical hardware platforms, demonstrating the advantage of our system hierarchy, including a new system-design dimension introduced by the neuromorphic completeness. We expect that our study will enable efficient and compatible progress in all aspects of brain-inspired computing systems, facilitating the development of various applications, including artificial general intelligence.
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                    Fig. 1: Hierarchies of the brain-inspired computing system and traditional computing systems.[image: ]


Fig. 2: POG, EPG and ANA.[image: ]


Fig. 3: Toolchain and bicycle driving and tracking experiment.[image: ]


Fig. 4: Experimental results.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 POG.
a, Two sample operators: the left is a single mathematical operation and the right is a simple algorithm that consists of several computation operations. b, A sample operator graph for rectified linear units (ReLU). c, Parameter updater. More details are provided inÂ Supplementary Information section 3.3.1. d, Main control-flow operators: conditional decider, conditional merger, true gate and false gate. e, Control-flow operator graphs of the branch and the loop. f, Synapse operator: it is enabled when any of the inputs arrive. i, input; o, output; T/F, true/false branch; P, parameter of the operator; Pâ€², the new value of P; OGT/F, operator graph of the true/false branch; Body, operator graph of the loop body; Cond, operator graph of the loop condition.


Extended Data Fig. 2 Bicycle driving and tracking task.
aâ€“e, POGs of the five neural network examples. Conv2d, two-dimensional convolution operator; MatMul, matrix multiplication operator; LIF, operator of the LIF model; Norm, normalization operator; W, b, weight and bias parameters for the corresponding operator. f, The overall relationships between these networks.


Extended Data Fig. 3 Resource consumption of the FPSA for different operators
.


Extended Data Fig. 4 The experiment using QR decomposition.
a, Pseudocode for QR decomposition by Givens rotation. b, The heuristic search algorithm on QR decomposition. Each step of this figure includes approximators that have been evaluated and the current priority queue. The number on each node represents the cost of that approximator. The red triangle represents the current strategy. Each step, the first tree in the queue is selected (green rectangle) and the leaves are replaced by the root approximator. The dashed circles represent the approximators that do not need to be constructed and evaluated. The whole procedure explores only four (out of 16) strategies. In this case, the final strategy happens to be the best, but in general, this algorithm is not guaranteed to produce the optimal result.


Extended Data Table 1 Universal approximators in the QR decompositionFull size table


Extended Data Table 2 Granularity and cost of different strategiesFull size table


Extended Data Table 3 Part of the Tianjic primitivesFull size table


Extended Data Table 4 FPSA function blocks at 400Â MHz, 45Â nmFull size table
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