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WHAT IS ARBOR?

A library for the simulation

• of large networks of morphologically-detailed, spiking neurons 

• for all HPC systems in the HBP

Runs on multiple architectures

• GPU systems, 

• vectorized multicore, 

• Intel AVX and laptops

Modular design for extensibility to new computer architectures

A morphologically-detailed neuronal network simulation library for contemporary HPC architectures

Purkinje cell by Santiago Ramón y Cajal
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WHY ARBOR?

Problems and models that are challenging to explore with current software and systems, e.g.
• Near real-time multi-compartment simulations
• Large networks with long simulations, parameter search, statistical validation
• Field potential calculations of large networks with volume visualization

Adapting existing simulators to new HPC architectures is hard, e.g. for
• Highly parallel architectures such as Intel Xeon and Intel KNL
• Wider vector operations such as AVX, AVX2, AVX512
• Specialized accelerator hardware as GPUs

To solve multi-compartment simulations with large networks on new HPC architectures

Source of picture: flaticon.com
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• Visualization (with coupling to in-situ visualization and analysis tools*)
• Multi-physics: can be integrated with other tools
• Multi-scale from single neurons to large multi-compartmental networks
• Usability: installable target and simple configuration, python front-end (as 

basis for PyNN integration*), efficient sampling of voltage and currents

Interoperability
Simulator as library

Extensibility
Modular internal API

Performance
HPC targeted

FEATURES OF ARBOR
Aiming for interoperability by being a simulator as library

* available soon

Source of picture: flaticon.com
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Interoperability
Simulator as library

• New integration schemes, (high-order time stepping, error control, 
and efficient gap junction schemes*)

• Custom spike communication and event systems, 
API for receiving spikes live from external simulators (e.g. NEST*)

• Specialized cells: leaky integrate-and-fire, Hodgkin-Huxley, Poisson spikes

Extensibility
Modular internal API

Performance
HPC targeted

FEATURES OF ARBOR
Aiming for Extensibility by having modular internal API

* available soon

Source of picture: CitiXsys
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Interoperability
Simulator as library

Extensibility
Modular internal API

• Highly parallel and performance portable with task-based threading 
implementation, GPU and SIMD vector targets using NMODL and modcc

• Design for scalability with fine-grained allocation of CPU and GPU 
resources

• Reporting on memory and energy consumption
• Unit testing, continuous integration*, validation and a benchmarking 

suite*

Performance
HPC targeted

FEATURES OF ARBOR
Aiming for high performance on HPC targets

* available soon

Source of picture: flaticon.com
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INTRODUCTION

• Arbor is a new library for simulation of morphologically detailed spiking network

• Specialized for GPUs, vectorized multicore, AVX and laptops

• Designed to handle very large, very long and computationally intensive problems

• Goals:

• Interoperability with visualizations and simulators at other scales/problems

• Modular internal API for extensibility for custom integration, spike communication and cell types

• And targeted to highly parallel architectures, both existing and emerging

• with an open development model, validation and testing

Summary
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NEURON MODEL

• Neurons: approximated by axonal delay, synaptic 

functions and a set of cables (for dendrites + soma) 

connected in a tree.

• Cables: characterized as 1D electrical compartments 

(of variable diameter) composed of ion channels, cable 

resistance and capacitance. 

• Neurons represented as sparse, close-to-band matrices to 

be solved (e.g. by Hines solver) against known current 

states due to synaptic conductance. 

• Network and spike exchange between neurons at 

synapses are represented by concatenations of matrices.

Arbor simulates networks of multi-compartment neurons

Source: Koch, Methods in Neuronal Modeling: From Ions to Networks
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CABLE EQUATION

with

• Axial conductivity    of the intracellular medium

• Membrane areal capacitance      , areal conductance      for an ion channel of type    
as a function of channel’s state

• Corresponding reversal potential       

• Membrane surface area          as a function of axial distance 

• Current         produced by a synapse at position        as a function of the synaptic state        and local voltage

• Injected current             at position

A cell is modelled as a branching, one-dimensional electrical system

S(x)
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cm
<latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="WdotynXI6THQJgg8H8RcOzga0qk=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomvdOG5jEkGaEM/QluXCjiv3LnvzF9LLT1QODjnITce5JMcOvC8DsobW3v7O6V9ysH1cOj49pJtW11bhi2mBbadBNqUXCFLcedwG5mkMpEYCeZ3M3zzjMay7V6ctMMY0lHiqecUeetRzaQg1o9bIQLkU2IVlCHlZqD2ld/qFkuUTkmqLW9KMxcXFDjOBM4q/RzixllEzrCnkdFJdq4WIw6IxfeGZJUG3+UIwv394uCSmunMvE3JXVju57Nzf+yXu7Sm7jgKssdKrb8KM0FcZrM9yZDbpA5MfVAmeF+VsLG1FDmfDsVX0K0vvImtK8akeeHEMpwBudwCRFcwy3cQxNawGAEL/AG74EIXoOPZV2lYNXbKfxR8PkDKaGMcg==</latexit><latexit sha1_base64="WdotynXI6THQJgg8H8RcOzga0qk=">AAAB33icbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZ0T6gHUomvdOG5jEkGaEM/QluXCjiv3LnvzF9LLT1QODjnITce5JMcOvC8DsobW3v7O6V9ysH1cOj49pJtW11bhi2mBbadBNqUXCFLcedwG5mkMpEYCeZ3M3zzjMay7V6ctMMY0lHiqecUeetRzaQg1o9bIQLkU2IVlCHlZqD2ld/qFkuUTkmqLW9KMxcXFDjOBM4q/RzixllEzrCnkdFJdq4WIw6IxfeGZJUG3+UIwv394uCSmunMvE3JXVju57Nzf+yXu7Sm7jgKssdKrb8KM0FcZrM9yZDbpA5MfVAmeF+VsLG1FDmfDsVX0K0vvImtK8akeeHEMpwBudwCRFcwy3cQxNawGAEL/AG74EIXoOPZV2lYNXbKfxR8PkDKaGMcg==</latexit><latexit sha1_base64="JEcz3wgnkEibV2UTMFQrhZlV7Sc=">AAAB6nicbZBNTwIxEIZn8QvxC/XopZGYeCK7XvRI9OIRoyAJbEi3zEJD2920XROy4Sd48aAxXv1F3vw3FtiDgm/S5Mk7M+nMG6WCG+v7315pbX1jc6u8XdnZ3ds/qB4etU2SaYYtlohEdyJqUHCFLcutwE6qkcpI4GM0vpnVH59QG56oBztJMZR0qHjMGbXOumd92a/W/Lo/F1mFoIAaFGr2q1+9QcIyicoyQY3pBn5qw5xqy5nAaaWXGUwpG9Mhdh0qKtGE+XzVKTlzzoDEiXZPWTJ3f0/kVBozkZHrlNSOzHJtZv5X62Y2vgpzrtLMomKLj+JMEJuQ2d1kwDUyKyYOKNPc7UrYiGrKrEun4kIIlk9ehfZFPXB859ca10UcZTiBUziHAC6hAbfQhBYwGMIzvMKbJ7wX7937WLSWvGLmGP7I+/wBRWSNww==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit><latexit sha1_base64="Gkaovz3/16VvRLNrNtIrftQm4bY=">AAAB6nicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHivYD2qVk02wbmmSXZFYopT/BiwdFvPqLvPlvTNs9aOsLgYd3ZsjMG6VSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjbJDOMNlsjEtCNquRSaN1Cg5O3UcKoiyVvR6HZWbz1xY0WiH3Gc8lDRgRaxYBSd9cB6qleu+FV/LrIKQQ4VyFXvlb+6/YRlimtkklrbCfwUwwk1KJjk01I3szylbEQHvONQU8VtOJmvOiVnzumTODHuaSRz9/fEhCprxypynYri0C7XZuZ/tU6G8XU4ETrNkGu2+CjOJMGEzO4mfWE4Qzl2QJkRblfChtRQhi6dkgshWD55FZoX1cDx/WWldpPHUYQTOIVzCOAKanAHdWgAgwE8wyu8edJ78d69j0VrwctnjuGPvM8fRqSNxw==</latexit>

gk
<latexit sha1_base64="Se3w860XAceUrTcZ760TszjbhIQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdpMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk04y3WCIT3Q2o4VIo3kKBkndTzWkcSN4JxrezeueJayMS9YiTlPsxjZQIBaNorYdoMB5Ua27dnYusgldADQo1B9Wv/jBhWcwVMkmN6Xluin5ONQom+bTSzwxPKRvTiPcsKhpz4+fzVafkzDpDEibaPoVk7v6eyGlszCQObGdMcWSWazPzv1ovw/Daz4VKM+SKLT4KM0kwIbO7yVBozlBOLFCmhd2VsBHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCCZ3iFN0c6L86787FoLTnFzDH8kfP5A0m0jck=</latexit><latexit sha1_base64="Se3w860XAceUrTcZ760TszjbhIQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdpMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk04y3WCIT3Q2o4VIo3kKBkndTzWkcSN4JxrezeueJayMS9YiTlPsxjZQIBaNorYdoMB5Ua27dnYusgldADQo1B9Wv/jBhWcwVMkmN6Xluin5ONQom+bTSzwxPKRvTiPcsKhpz4+fzVafkzDpDEibaPoVk7v6eyGlszCQObGdMcWSWazPzv1ovw/Daz4VKM+SKLT4KM0kwIbO7yVBozlBOLFCmhd2VsBHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCCZ3iFN0c6L86787FoLTnFzDH8kfP5A0m0jck=</latexit><latexit sha1_base64="Se3w860XAceUrTcZ760TszjbhIQ=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxov2ANpTNdpMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5BKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk04y3WCIT3Q2o4VIo3kKBkndTzWkcSN4JxrezeueJayMS9YiTlPsxjZQIBaNorYdoMB5Ua27dnYusgldADQo1B9Wv/jBhWcwVMkmN6Xluin5ONQom+bTSzwxPKRvTiPcsKhpz4+fzVafkzDpDEibaPoVk7v6eyGlszCQObGdMcWSWazPzv1ovw/Daz4VKM+SKLT4KM0kwIbO7yVBozlBOLFCmhd2VsBHVlKFNp2JD8JZPXoX2Rd2zfH9Za9wUcZThBE7hHDy4ggbcQRNawCCCZ3iFN0c6L86787FoLTnFzDH8kfP5A0m0jck=</latexit>
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<latexit sha1_base64="LyQazt6toSAm7eD9yibATm2rShc="></latexit><latexit sha1_base64="LyQazt6toSAm7eD9yibATm2rShc="></latexit><latexit sha1_base64="LyQazt6toSAm7eD9yibATm2rShc="></latexit>

, where

k
<latexit sha1_base64="J1ePosK0dkApl23wGR0/R+dduEg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZkUK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8A0oeM7w==</latexit><latexit sha1_base64="J1ePosK0dkApl23wGR0/R+dduEg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZkUK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8A0oeM7w==</latexit><latexit sha1_base64="J1ePosK0dkApl23wGR0/R+dduEg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjC/YD2lA220m7drMJuxuhhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk7t5vfOESvNYPphpgn5ER5KHnFFjreZkUK64VXchsg5eDhXI1RiUv/rDmKURSsME1brnuYnxM6oMZwJnpX6qMaFsQkfYsyhphNrPFovOyIV1hiSMlX3SkIX7eyKjkdbTKLCdETVjvVqbm//VeqkJb/yMyyQ1KNnyozAVxMRkfjUZcoXMiKkFyhS3uxI2pooyY7Mp2RC81ZPXoX1V9Sw3ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9yPn8A0oeM7w==</latexit>

sk
<latexit sha1_base64="7XUPmJxpHPDcI3PYdQL5tXqcUng=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl047KCfUAbwmRy2w6dTMI8hBr6JW5cKOLWT3Hn3zhps9DWAwOHc+7h3jlRxpnSnvftrK1vbG5tV3aqu3v7BzX38KijUiMptGnKU9mLiALOBLQ10xx6mQSSRBy60eS28LuPIBVLxYOeZhAkZCTYkFGirRS6tYERMcginqtZOAndutfw5sCrxC9JHZVohe7XIE6pSUBoyolSfd/LdJATqRnlMKsOjIKM0AkZQd9SQRJQQT4/fIbPrBLjYSrtExrP1d+JnCRKTZPITiZEj9WyV4j/eX2jh9dBzkRmNAi6WDQ0HOsUFy3gmEmgmk8tIVQyeyumYyIJ1barqi3BX/7yKulcNHzL7y/rzZuyjgo6QafoHPnoCjXRHWqhNqLIoGf0it6cJ+fFeXc+FqNrTpk5Rn/gfP4AdZmTmA==</latexit><latexit sha1_base64="7XUPmJxpHPDcI3PYdQL5tXqcUng=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl047KCfUAbwmRy2w6dTMI8hBr6JW5cKOLWT3Hn3zhps9DWAwOHc+7h3jlRxpnSnvftrK1vbG5tV3aqu3v7BzX38KijUiMptGnKU9mLiALOBLQ10xx6mQSSRBy60eS28LuPIBVLxYOeZhAkZCTYkFGirRS6tYERMcginqtZOAndutfw5sCrxC9JHZVohe7XIE6pSUBoyolSfd/LdJATqRnlMKsOjIKM0AkZQd9SQRJQQT4/fIbPrBLjYSrtExrP1d+JnCRKTZPITiZEj9WyV4j/eX2jh9dBzkRmNAi6WDQ0HOsUFy3gmEmgmk8tIVQyeyumYyIJ1barqi3BX/7yKulcNHzL7y/rzZuyjgo6QafoHPnoCjXRHWqhNqLIoGf0it6cJ+fFeXc+FqNrTpk5Rn/gfP4AdZmTmA==</latexit><latexit sha1_base64="7XUPmJxpHPDcI3PYdQL5tXqcUng=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwVRIRdFl047KCfUAbwmRy2w6dTMI8hBr6JW5cKOLWT3Hn3zhps9DWAwOHc+7h3jlRxpnSnvftrK1vbG5tV3aqu3v7BzX38KijUiMptGnKU9mLiALOBLQ10xx6mQSSRBy60eS28LuPIBVLxYOeZhAkZCTYkFGirRS6tYERMcginqtZOAndutfw5sCrxC9JHZVohe7XIE6pSUBoyolSfd/LdJATqRnlMKsOjIKM0AkZQd9SQRJQQT4/fIbPrBLjYSrtExrP1d+JnCRKTZPITiZEj9WyV4j/eX2jh9dBzkRmNAi6WDQ0HOsUFy3gmEmgmk8tIVQyeyumYyIJ1barqi3BX/7yKulcNHzL7y/rzZuyjgo6QafoHPnoCjXRHWqhNqLIoGf0it6cJ+fFeXc+FqNrTpk5Rn/gfP4AdZmTmA==</latexit>

x
<latexit sha1_base64="vCcigPjS8vnC+q3Ewup5yQEmfOI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6llu1ir1Wh5HEc7gHC7Bg2uowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A4gWM7g==</latexit><latexit sha1_base64="vCcigPjS8vnC+q3Ewup5yQEmfOI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6llu1ir1Wh5HEc7gHC7Bg2uowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A4gWM7g==</latexit><latexit sha1_base64="vCcigPjS8vnC+q3Ewup5yQEmfOI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6llu1ir1Wh5HEc7gHC7Bg2uowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A4gWM7g==</latexit>

Isynk
<latexit sha1_base64="UaAbXSprQngpY7mRudbLi0e3AXY=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSKeiy4EZ3FWwrtDFMppN26GQSZm6KIeRN3LhQxK1v4s63cdpmoa0HBj7OvZd75wSJ4Boc59uqrK1vbG5Vt2s7u3v7B/bhUVfHqaKsQ2MRq4eAaCa4ZB3gINhDohiJAsF6weR6Vu9NmdI8lveQJcyLyEjykFMCxvJt+9afPOYDYE+Q60wWhW/XnYYzF14Ft4Q6KtX27a/BMKZpxCRQQbTuu04CXk4UcCpYURukmiWETsiI9Q1KEjHt5fPLC3xmnCEOY2WeBDx3f0/kJNI6iwLTGREY6+XazPyv1k8hvPJyLpMUmKSLRWEqMMR4FgMecsUoiMwAoYqbWzEdE0UomLBqJgR3+cur0L1ouIbvmvVWs4yjik7QKTpHLrpELXSD2qiDKJqiZ/SK3qzcerHerY9Fa8UqZ47RH1mfP2S+lBk=</latexit><latexit sha1_base64="UaAbXSprQngpY7mRudbLi0e3AXY=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSKeiy4EZ3FWwrtDFMppN26GQSZm6KIeRN3LhQxK1v4s63cdpmoa0HBj7OvZd75wSJ4Boc59uqrK1vbG5Vt2s7u3v7B/bhUVfHqaKsQ2MRq4eAaCa4ZB3gINhDohiJAsF6weR6Vu9NmdI8lveQJcyLyEjykFMCxvJt+9afPOYDYE+Q60wWhW/XnYYzF14Ft4Q6KtX27a/BMKZpxCRQQbTuu04CXk4UcCpYURukmiWETsiI9Q1KEjHt5fPLC3xmnCEOY2WeBDx3f0/kJNI6iwLTGREY6+XazPyv1k8hvPJyLpMUmKSLRWEqMMR4FgMecsUoiMwAoYqbWzEdE0UomLBqJgR3+cur0L1ouIbvmvVWs4yjik7QKTpHLrpELXSD2qiDKJqiZ/SK3qzcerHerY9Fa8UqZ47RH1mfP2S+lBk=</latexit><latexit sha1_base64="UaAbXSprQngpY7mRudbLi0e3AXY=">AAAB+XicbZDNSsNAFIUn9a/Wv6hLN4NFcFUSKeiy4EZ3FWwrtDFMppN26GQSZm6KIeRN3LhQxK1v4s63cdpmoa0HBj7OvZd75wSJ4Boc59uqrK1vbG5Vt2s7u3v7B/bhUVfHqaKsQ2MRq4eAaCa4ZB3gINhDohiJAsF6weR6Vu9NmdI8lveQJcyLyEjykFMCxvJt+9afPOYDYE+Q60wWhW/XnYYzF14Ft4Q6KtX27a/BMKZpxCRQQbTuu04CXk4UcCpYURukmiWETsiI9Q1KEjHt5fPLC3xmnCEOY2WeBDx3f0/kJNI6iwLTGREY6+XazPyv1k8hvPJyLpMUmKSLRWEqMMR4FgMecsUoiMwAoYqbWzEdE0UomLBqJgR3+cur0L1ouIbvmvVWs4yjik7QKTpHLrpELXSD2qiDKJqiZ/SK3qzcerHerY9Fa8UqZ47RH1mfP2S+lBk=</latexit>

�
<latexit sha1_base64="jvrtHXGWAQ95eSikKw+UWZ0bZq0=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozUtBlwY3LCvYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYTmehrT8EPv5zDjnnjxLOjPX9b6+0sbm1vVPereztHxweVY9POkalmtA2UVzpXoQN5UzStmWW016iKRYRp91oeruod5+oNkzJBztLaCjwWLKYEWyd1RkYNhZ4WK35dT8XWoeggBoUag2rX4ORIqmg0hKOjekHfmLDDGvLCKfzyiA1NMFkise071BiQU2Y5dvO0YVzRihW2j1pUe7+nsiwMGYmItcpsJ2Y1drC/K/WT218E2ZMJqmlkiw/ilOOrEKL09GIaUosnznARDO3KyITrDGxLqCKCyFYPXkdOlf1wPF9o9ZsFHGU4QzO4RICuIYm3EEL2kDgEZ7hFd485b14797HsrXkFTOn8Efe5w+YK48V</latexit><latexit sha1_base64="jvrtHXGWAQ95eSikKw+UWZ0bZq0=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozUtBlwY3LCvYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYTmehrT8EPv5zDjnnjxLOjPX9b6+0sbm1vVPereztHxweVY9POkalmtA2UVzpXoQN5UzStmWW016iKRYRp91oeruod5+oNkzJBztLaCjwWLKYEWyd1RkYNhZ4WK35dT8XWoeggBoUag2rX4ORIqmg0hKOjekHfmLDDGvLCKfzyiA1NMFkise071BiQU2Y5dvO0YVzRihW2j1pUe7+nsiwMGYmItcpsJ2Y1drC/K/WT218E2ZMJqmlkiw/ilOOrEKL09GIaUosnznARDO3KyITrDGxLqCKCyFYPXkdOlf1wPF9o9ZsFHGU4QzO4RICuIYm3EEL2kDgEZ7hFd485b14797HsrXkFTOn8Efe5w+YK48V</latexit><latexit sha1_base64="jvrtHXGWAQ95eSikKw+UWZ0bZq0=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozUtBlwY3LCvYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYTmehrT8EPv5zDjnnjxLOjPX9b6+0sbm1vVPereztHxweVY9POkalmtA2UVzpXoQN5UzStmWW016iKRYRp91oeruod5+oNkzJBztLaCjwWLKYEWyd1RkYNhZ4WK35dT8XWoeggBoUag2rX4ORIqmg0hKOjekHfmLDDGvLCKfzyiA1NMFkise071BiQU2Y5dvO0YVzRihW2j1pUe7+nsiwMGYmItcpsJ2Y1drC/K/WT218E2ZMJqmlkiw/ilOOrEKL09GIaUosnznARDO3KyITrDGxLqCKCyFYPXkdOlf1wPF9o9ZsFHGU4QzO4RICuIYm3EEL2kDgEZ7hFd485b14797HsrXkFTOn8Efe5w+YK48V</latexit>

erefk
<latexit sha1_base64="ClUIp6kYCjsMol0kFvvroH/gJrU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVECrosuHFZwV6gjWEyPWmHTi7MnBRL6Ju4caGIW9/EnW/jtM1CW38Y+PjPOZwzf5BKodFxvq3SxubW9k55t7K3f3B4ZB+ftHWSKQ4tnshEdQOmQYoYWihQQjdVwKJAQicY387rnQkoLZL4AacpeBEbxiIUnKGxfNsGf/yY9xGeMFcQzma+XXVqzkJ0HdwCqqRQ07e/+oOEZxHEyCXTuuc6KXo5Uyi4hFmln2lIGR+zIfQMxiwC7eWLy2f0wjgDGibKvBjpwv09kbNI62kUmM6I4Uiv1ubmf7VehuGNl4s4zRBivlwUZpJiQucx0IFQwFFODTCuhLmV8hFTjKMJq2JCcFe/vA7tq5pr+L5ebdSLOMrkjJyTS+KSa9Igd6RJWoSTCXkmr+TNyq0X6936WLaWrGLmlPyR9fkDZI6UGA==</latexit><latexit sha1_base64="ClUIp6kYCjsMol0kFvvroH/gJrU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVECrosuHFZwV6gjWEyPWmHTi7MnBRL6Ju4caGIW9/EnW/jtM1CW38Y+PjPOZwzf5BKodFxvq3SxubW9k55t7K3f3B4ZB+ftHWSKQ4tnshEdQOmQYoYWihQQjdVwKJAQicY387rnQkoLZL4AacpeBEbxiIUnKGxfNsGf/yY9xGeMFcQzma+XXVqzkJ0HdwCqqRQ07e/+oOEZxHEyCXTuuc6KXo5Uyi4hFmln2lIGR+zIfQMxiwC7eWLy2f0wjgDGibKvBjpwv09kbNI62kUmM6I4Uiv1ubmf7VehuGNl4s4zRBivlwUZpJiQucx0IFQwFFODTCuhLmV8hFTjKMJq2JCcFe/vA7tq5pr+L5ebdSLOMrkjJyTS+KSa9Igd6RJWoSTCXkmr+TNyq0X6936WLaWrGLmlPyR9fkDZI6UGA==</latexit><latexit sha1_base64="ClUIp6kYCjsMol0kFvvroH/gJrU=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVECrosuHFZwV6gjWEyPWmHTi7MnBRL6Ju4caGIW9/EnW/jtM1CW38Y+PjPOZwzf5BKodFxvq3SxubW9k55t7K3f3B4ZB+ftHWSKQ4tnshEdQOmQYoYWihQQjdVwKJAQicY387rnQkoLZL4AacpeBEbxiIUnKGxfNsGf/yY9xGeMFcQzma+XXVqzkJ0HdwCqqRQ07e/+oOEZxHEyCXTuuc6KXo5Uyi4hFmln2lIGR+zIfQMxiwC7eWLy2f0wjgDGibKvBjpwv09kbNI62kUmM6I4Uiv1ubmf7VehuGNl4s4zRBivlwUZpJiQucx0IFQwFFODTCuhLmV8hFTjKMJq2JCcFe/vA7tq5pr+L5ebdSLOMrkjJyTS+KSa9Igd6RJWoSTCXkmr+TNyq0X6936WLaWrGLmlPyR9fkDZI6UGA==</latexit>

xsyn
k

<latexit sha1_base64="PYgoE22lJ6cEmN8DWRbm2TFM/Bo=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0W3LisYC/QxjCZTtqhk0mYOSkNIW/ixoUibn0Td76N0zYLbf1h4OM/53DO/EEiuAbH+bYqG5tb2zvV3dre/sHhkX180tFxqihr01jEqhcQzQSXrA0cBOslipEoEKwbTO7m9e6UKc1j+QhZwryIjCQPOSVgLN+2Z/7kKR8Am0GuM1kUvl13Gs5CeB3cEuqoVMu3vwbDmKYRk0AF0brvOgl4OVHAqWBFbZBqlhA6ISPWNyhJxLSXLy4v8IVxhjiMlXkS8ML9PZGTSOssCkxnRGCsV2tz879aP4Xw1su5TFJgki4XhanAEON5DHjIFaMgMgOEKm5uxXRMFKFgwqqZENzVL69D56rhGn64rjevyziq6Aydo0vkohvURPeohdqIoil6Rq/ozcqtF+vd+li2Vqxy5hT9kfX5A667lEg=</latexit><latexit sha1_base64="PYgoE22lJ6cEmN8DWRbm2TFM/Bo=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0W3LisYC/QxjCZTtqhk0mYOSkNIW/ixoUibn0Td76N0zYLbf1h4OM/53DO/EEiuAbH+bYqG5tb2zvV3dre/sHhkX180tFxqihr01jEqhcQzQSXrA0cBOslipEoEKwbTO7m9e6UKc1j+QhZwryIjCQPOSVgLN+2Z/7kKR8Am0GuM1kUvl13Gs5CeB3cEuqoVMu3vwbDmKYRk0AF0brvOgl4OVHAqWBFbZBqlhA6ISPWNyhJxLSXLy4v8IVxhjiMlXkS8ML9PZGTSOssCkxnRGCsV2tz879aP4Xw1su5TFJgki4XhanAEON5DHjIFaMgMgOEKm5uxXRMFKFgwqqZENzVL69D56rhGn64rjevyziq6Aydo0vkohvURPeohdqIoil6Rq/ozcqtF+vd+li2Vqxy5hT9kfX5A667lEg=</latexit><latexit sha1_base64="PYgoE22lJ6cEmN8DWRbm2TFM/Bo=">AAAB+XicbZDLSsNAFIYn9VbrLerSzWARXJVEBF0W3LisYC/QxjCZTtqhk0mYOSkNIW/ixoUibn0Td76N0zYLbf1h4OM/53DO/EEiuAbH+bYqG5tb2zvV3dre/sHhkX180tFxqihr01jEqhcQzQSXrA0cBOslipEoEKwbTO7m9e6UKc1j+QhZwryIjCQPOSVgLN+2Z/7kKR8Am0GuM1kUvl13Gs5CeB3cEuqoVMu3vwbDmKYRk0AF0brvOgl4OVHAqWBFbZBqlhA6ISPWNyhJxLSXLy4v8IVxhjiMlXkS8ML9PZGTSOssCkxnRGCsV2tz879aP4Xw1su5TFJgki4XhanAEON5DHjIFaMgMgOEKm5uxXRMFKFgwqqZENzVL69D56rhGn64rjevyziq6Aydo0vkohvURPeohdqIoil6Rq/ozcqtF+vd+li2Vqxy5hT9kfX5A667lEg=</latexit>

ssynk
<latexit sha1_base64="xCJx7tup4Frfkby1L117DaHABNk=">AAACBXicbVDLSsNAFJ3UV62vqktdBIvgqiRS0GXBjcsK9gFNDZPpbTt0MgkzN2IJ2bjxV9y4UMSt/+DOv3HSdqGtBwYO59zDnXuCWHCNjvNtFVZW19Y3ipulre2d3b3y/kFLR4li0GSRiFQnoBoEl9BEjgI6sQIaBgLawfgq99v3oDSP5C1OYuiFdCj5gDOKRvLLx14i+6DyeKozf3yXeggPmOqJzDK/XHGqzhT2MnHnpELmaPjlL68fsSQEiUxQrbuuE2MvpQo5E5CVvERDTNmYDqFrqKQh6F46vSKzT43StweRMk+iPVV/J1Iaaj0JAzMZUhzpRS8X//O6CQ4ueymXcYIg2WzRIBE2RnZeid3nChiKiSGUKW7+arMRVZShKa5kSnAXT14mrfOqa/hNrVKvzesokiNyQs6ISy5InVyTBmkSRh7JM3klb9aT9WK9Wx+z0YI1zxySP7A+fwCNwpnV</latexit><latexit sha1_base64="xCJx7tup4Frfkby1L117DaHABNk=">AAACBXicbVDLSsNAFJ3UV62vqktdBIvgqiRS0GXBjcsK9gFNDZPpbTt0MgkzN2IJ2bjxV9y4UMSt/+DOv3HSdqGtBwYO59zDnXuCWHCNjvNtFVZW19Y3ipulre2d3b3y/kFLR4li0GSRiFQnoBoEl9BEjgI6sQIaBgLawfgq99v3oDSP5C1OYuiFdCj5gDOKRvLLx14i+6DyeKozf3yXeggPmOqJzDK/XHGqzhT2MnHnpELmaPjlL68fsSQEiUxQrbuuE2MvpQo5E5CVvERDTNmYDqFrqKQh6F46vSKzT43StweRMk+iPVV/J1Iaaj0JAzMZUhzpRS8X//O6CQ4ueymXcYIg2WzRIBE2RnZeid3nChiKiSGUKW7+arMRVZShKa5kSnAXT14mrfOqa/hNrVKvzesokiNyQs6ISy5InVyTBmkSRh7JM3klb9aT9WK9Wx+z0YI1zxySP7A+fwCNwpnV</latexit><latexit sha1_base64="xCJx7tup4Frfkby1L117DaHABNk=">AAACBXicbVDLSsNAFJ3UV62vqktdBIvgqiRS0GXBjcsK9gFNDZPpbTt0MgkzN2IJ2bjxV9y4UMSt/+DOv3HSdqGtBwYO59zDnXuCWHCNjvNtFVZW19Y3ipulre2d3b3y/kFLR4li0GSRiFQnoBoEl9BEjgI6sQIaBgLawfgq99v3oDSP5C1OYuiFdCj5gDOKRvLLx14i+6DyeKozf3yXeggPmOqJzDK/XHGqzhT2MnHnpELmaPjlL68fsSQEiUxQrbuuE2MvpQo5E5CVvERDTNmYDqFrqKQh6F46vSKzT43StweRMk+iPVV/J1Iaaj0JAzMZUhzpRS8X//O6CQ4ueymXcYIg2WzRIBE2RnZeid3nChiKiSGUKW7+arMRVZShKa5kSnAXT14mrfOqa/hNrVKvzesokiNyQs6ISy5InVyTBmkSRh7JM3klb9aT9WK9Wx+z0YI1zxySP7A+fwCNwpnV</latexit>

I injk (t)
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NUMERICAL MODEL

• Space discretization: Vertex-centered 1D finite volume method
using first-order approximation for axial current flux

with

• Voltage and channel state 
time evolution split: Lie-Trotter 
• Time discretization: First-order implicit Euler integration 

• Channel state ODEs: Integration with updated voltages depending on set of ODEs

Cell state evolution is numerically solved with first order methods

ci
dVi

dt
=

X

j: Xj\Xi 6=;

�i,j(Vj � Vi)�
X

k: xinj
k 2Xi

I injk (t)

�
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k: xsyn
k 2Xi

Isynk (ssynk , Vi)

�
X

channels k

Si · gk(sk,i)(Vi � erevk ),
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CELL SIMULATION
Most time consuming parts on a CPU are updating currents and integrating gating variables
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DESIGN MODEL

• A “cell” represents the smallest model to be 
simulated 

• A “cell” forms the smallest unit of work 
distributed across processes

• Types:

• Specialized leaky integrate-and-fire cells

• Artificial spike sources

• Multi-compartment cells

Scalability through the abstraction of recipes

Cells Recipes
• A “recipe” describes models in a cell-

oriented manner and supplies methods to 

• Map global cell identifier gid to cell type

• Describe cells

• List all connections from other cells that 
terminate on a cell

• Advantage: parallel instantiation of cell data
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DESIGN MODEL
Extensibility through cell group abstraction

Cell groups Mechanisms
• A “cell group” represents a collection of cells 

of the same type together with 
implementation of their simulation

• Partitioning into cell groups provided by 
decomposition

• A “simulation” manages instantiation of 
model and scheduling of spike exchange as 
well as integration for each cell group

• In a recipe, mechanisms are specifications of 
ion channel and synapse dynamics

• Implementations of mechanisms:

• Hand-coded for CPU/ GPU execution 
or

• A translator (modcc) is used to compile a 
subset of NEURONs mechanism 
specification language NMODL to 
architecture-optimized vectorized C++ or 
CUDA source
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MODEL

• Arbor models:
• Multicompartment neurons using a cable model transformed into a sparse matrix
• Neurons characterized by axonal delays, synaptic functions and cables connected in a tree
• Spike exchanges are global across computer nodes, functionally concatenating matrices

• Numerical solutions are discretized in time and space, and channel states are discretized ODEs
• Accelerator (GPU) optimization is focused on updating currents and integrating gating variables
• Models are composed of:
• Cells representing the small unit of computation (LIF, Artificial sources, Multicompartment cells)
• Recipes representing a parallelizable set of neuron construction and connections
• Cell groups computed together on the GPU or CPU
• Mechanism representing ion channel and synapse dynamics

Summary
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SPIKE EXCHANGE

Overlapping computation and communication with a minimum spike propagation delay

Integration of states in epoch    requires spikes from epoch         and are exchanged in epoch        .
Reason: latency hiding

With a minimum delay

�T
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integrate to t1

integrate to t2

integrate to t3
with [t0, t1) spikes

integrate to t4
with [t1, t2) spikes

exchange [t0, t1) spikes

exchange [t1, t2) spikes

exchange [t2, t3) spikes

local spikes [t0, t1)

local spikes [t1, t2)

local spikes [t2, t3)

local spikes [t3, t4)

global spikes [t0, t1)

global spikes [t1, t2)

global spikes [t2, t3)

t0

t1

t2

t3

t4

�T

one task / cell group one communication task
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DESIGN MODEL

• Components can be substituted according to the internal API.
• Models are described in NMODL, a DSL used for the NEURON simulator.

• Python interface for building networks is under development.

Programming interface ensures extensibility 

model

description

(NMODL &

recipes)

model

execution

loop

cell

simulation

spike

exchange

CPU

implementation

GPU

implementation

MPI

implementation

API API API
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DESIGN MODEL

• Cell simulation modules share computational backends for channel and synapse state evolution.
• CPU-hosted finite volume cell simulation.

Computational work is hidden in backends

F.V.M.

solver

F.D.

solver

CPU scalar

kernels

CPU vector

kernels

GPU

kernels

NMODL

specifications

API API
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STRUCTURE

• Spikes are exchanged at ½ the minimal spike propagation delay to overlap computation and 
communication

• Internal API uncouples model description, execution, spike exchange and cell simulation

• Computational work is hidden in pluggable backends, allowing automatic generation for different 
architectures

• Python interface is under development

Summary
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VECTORIZATION PERFORMANCE

Systems

Benchmark model

• Cells: 300 compartments with Hudgkin-Huxley mechanisms, 
5.000 randomly connected exponential synapses 

• Network: 100   cells per single core
1000 cells per socket 

• Duration: 100 ms

Used systems and benchmark model

CPU cores threads ISA
Kaby Lake i7 2 4 AVX-2

Broadwell 18 36 AVX-2
Skylake-X 18 36 AVX-512

KNL 64 256 AVX-512
<latexit sha1_base64="G45Q5Csile6a3lp9kpT0rb7Cm74="></latexit><latexit sha1_base64="G45Q5Csile6a3lp9kpT0rb7Cm74="></latexit><latexit sha1_base64="G45Q5Csile6a3lp9kpT0rb7Cm74="></latexit>
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VECTORIZATION PERFORMANCE

Speedup of total time to solution with 
vectorization 

• 1.5 x for Broadwell socket

• 3.4 x for KNL socket

Use of data-pattern optimized loads and 
stores contributes to speedup.

Less improvement for Broadwell due to poor 
performance of vectorized division.

Comparison of explicit vectorization relative to the compiler’s auto-vectorization

Kaby Lake i7 Xeon Broadwell Xeon Skylake KNL
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PERFORMANCE BENCHMARKS

System 

Ring model

• Cells: Randomly generated morphologies with on average 130 compartments 

• Synapses: 10 000 exponential synapses per cell with only one synapse connected to 
a spike detector on the preceding cell

• Soma: Hodgkin-Huxley mechanism; 

• Dendrites: Passive conductance 

Setup of ring network on HPC architecture

Daint-mc Daint-gpu Tave-knl

CPU Broadwell Haswell KNL

memory 64 GB 32 GB 96 GB

cores/socket 18 12 64

threads/core 2 2 4

vectorization AVX2 AVX2 AVX512

accelerator – P100 GPU –

MPI ranks 2 1 4

threads/rank 36 24 64

configuration – CUDA 9.2 cache,quadrant

compiler GCC 7.2.0 GCC 6.2.0 GCC 7.2.0
<latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit><latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit><latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit>
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PERFORMANCE

• Models with fewer cells take less time 
to execute

• Scaling is architecture and model size 
dependent
• MC scales well for 64 or more cells
• KNL scales well for 512 or more cells

• GPU scales well for 1024 or more cells
• Below scaling thresholds node resources 

are under-utilized
• GPU catches up at 4000 cells

Single node scaling - time: utilization of computational resources on one node at various model sizes
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PERFORMANCE

Memory
• Arbor significantly more memory 

efficient with 4.4 GB for 16k model, 
• NEURON unable to run 16k model due to 

running out of 64 GB memory available 
on Daint-mc

Speedup
• Arbor is faster for all model sizes with 

speedup increasing with model size
• 5-10x faster for less than 128 cells
• over 20x faster for more than 256 cells 

Single node scaling – speedup: comparison with NEURON
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PERFORMANCE BENCHMARKS

System 

10k connectivity model 
• Cells: As in ring model with 16k cells for duration of 100 ms
• Network: 10 000 way randomly connected with no self-connections
• Minimal delay: 10 ms or 20 ms
• Synapses: All excitatory
• Spiking: All cells spike synchronously with frequency 100 Hz or 50 Hz

Setup of connectivity model on HPC architecture

Daint-mc Daint-gpu Tave-knl

CPU Broadwell Haswell KNL

memory 64 GB 32 GB 96 GB

cores/socket 18 12 64

threads/core 2 2 4

vectorization AVX2 AVX2 AVX512

accelerator – P100 GPU –

MPI ranks 2 1 4

threads/rank 36 24 64

configuration – CUDA 9.2 cache,quadrant

compiler GCC 7.2.0 GCC 6.2.0 GCC 7.2.0
<latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit><latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit><latexit sha1_base64="bg9xRrztzhd9RRQ1UFEpdlbfnzw="></latexit>
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PERFORMANCE

• For less than 4k cells (on 4 nodes) 

multicore and GPU are equivalent 
(within 10% range)

• For more than 4k cells multicore is faster
• A KNL node is uniformly slower than 

multicore, using 1.4x more time

• Still, Arbor can be used effectively on an 

HPC system available

Strong scaling: minimizing time to solution for a fixed model size with increasing number of nodes
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PERFORMANCE

• Resource utilization is effective where 
strong scaling efficiency is good

• Efficiency decreases as the number of 
nodes increases

• Only the multicore system scales with 90% 
efficiency to 64 nodes (256 cells per node) 
and minimizes time-to-solution

• GPU system is still effective for running 
large models

Strong scaling efficiency



1st HPAC Platform Training | 11-12 Dec 2018 | Barcelona 
Alexander Peyser, Anne Küsters

1 2 4 8 16 32 64
100

150

200

250

300

350

400

nodes

no
de

se
co
nd

s
(n
s)

Daint-mc

Daint-gpu

Tave-knl

PERFORMANCE
Strong scaling: consumed resources in node-seconds and energy consumption
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PERFORMANCE BENCHMARKS

System 

Dry-run mode 
• Model: 100 ms simulation with 10 ms delay and cells firing at 87.5 Hz

each cell connected to 10 000 random cells with no self-connection
• Mode: Run model on single MPI rank, and mimic running on a large cluster 

(here: 10 000 nodes) by generating proxy spikes from cells on other ranks
• Cells/ node: 1000 & 10 000 cells per node for total model size of 10 M & 100 M cells

Setup of dry-run mode on HPC architecture

Daint-mc Daint-gpu Tave-knl

CPU Broadwell Haswell KNL

memory 64 GB 32 GB 96 GB

cores/socket 18 12 64

threads/core 2 2 4

vectorization AVX2 AVX2 AVX512

accelerator – P100 GPU –

MPI ranks 2 1 4

threads/rank 36 24 64

configuration – CUDA 9.2 cache,quadrant

compiler GCC 7.2.0 GCC 6.2.0 GCC 7.2.0
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PERFORMANCE

Maximize model size while increasing 
number of nodes with fixed number of cells

To hundreds of nodes
• Arbor weak scales (near) perfectly on 

multicore and GPU

Weak scaling is near perfect
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PERFORMANCE

To 10 000 nodes
• 1000 nodes: 1k and 10k models weak 

scale very well with 99% and 95% 
efficiency 

• 10 000 nodes: weak scaling still good 
with 87% and 79% for 1k and 10k 
models, but decreased due to spike 
communication and processing

Weak scaling sufficient with 80% at extreme scale
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PERFORMANCE

• Arbor has been tested on a variety of vectorized CPU architectures, showing significant 
improvement over compiler auto-vectorization

• Synthetic networks have been tested on multicore, GPU and KNL architectures

• Close to linear single node scaling, with comparable performance at >1000 cells

• More memory efficient than standard NEURON, with speedup’s of 5-30x as cell numbers increase

• Strong scaling has been shown for up to 10k cells with good energy consumption scaling

• Weak scaling is near perfect up to 128 nodes (1 million cells)

• Even at 10k nodes, weak scaling is still at 79%

Summary
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CONCLUSION

• Arbor is an extensible library for multicompartment neuron models

• It is designed with the goal of optimizing usage of current HPC architectures and is ready to be 
ported to future architectures

• Development is fully open, developed from scratch, developed by software engineers at 
supercomputing centers

• It uses standard cell and network formalisms with a focus on performance

• A subset of NMODL descriptions can be used

• A python interface is under development

• We have focused on synthetic verification, testing and performance benchmarks

• Current architectures are standard cpus, vectorized cpus, many core and GPUs

• Weak and strong scaling have been shown up to 10 000 nodes

• 5-30x faster than standard NEURON for tested morphologies and networks

Summary
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QUESTIONS


