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Abstract—We present PyCARL, a PyNN-based common
Python programming interface for hardware-software co-
simulation of spiking neural network (SNN). Through PyCARL,
we make the following two key contributions. First, we pro-
vide an interface of PyNN to CARLsim, a computationally-
efficient, GPU-accelerated and biophysically-detailed SNN simu-
lator. PyCARL facilitates joint development of machine learning
models and code sharing between CARLsim and PyNN users,
promoting an integrated and larger neuromorphic community.
Second, we integrate cycle-accurate models of state-of-the-art
neuromorphic hardware such as TrueNorth, Loihi, and DynapSE
in PyCARL, to accurately model hardware latencies, which delay
spikes between communicating neurons, degrading performance
of machine learning models. PyCARL allows users to analyze
and optimize the performance difference between software-based
simulation and hardware-oriented simulation. We show that
system designers can also use PyCARL to perform design-space
exploration early in the product development stage, facilitating
faster time-to-market of neuromorphic products.

Index Terms—spiking neural network (SNN); neuromorphic
computing; CARLsim; co-simulation; design-space exploration

I. INTRODUCTION

Advances in computational neuroscience have produced a

variety of software for simulating spiking neural network

(SNN) [1] — NEURON [2], NEST [3], PCSIM [4], Brian [5],

MegaSim [6], and CARLsim [7]. These simulators model

neural functions at various levels of detail and therefore have

different requirements for computational resources.

In this paper, we focus on CARLsim [7], which facilitates

parallel simulation of large SNNs using CPUs and multi-

GPUs, simulates multiple compartment models, 9-parameter

Izhikevich and leaky integrate-and-fire (LIF) spiking neuron

models, and integrates the fourth order Runge Kutta (RK4)

method for improved numerical precision. CARLsim’s sup-

port for built-in biologically realistic neuron, synapse, current

and emerging learning models and continuous integration

and testing, make it an easy-to-use and powerful simulator

of biologically-plausible SNN models. Benchmarking results

demonstrate simulation of 8.6 million neurons and 0.48 billion

synapses using 4 GPUs and up to 60x speedup with multi-GPU

implementations over a single-threaded CPU implementation.

To facilitate faster application development and portability

across research institutes, a common Python programming

interface called PyNN is proposed [8]. PyNN provides a

high-level abstraction of SNN models, promotes code sharing

and reuse, and provides a foundation for simulator-agnostic

analysis, visualization and data-management tools. Many SNN

simulators now support interfacing with PyNN — PyNEST [9]

for the NEST simulator, PyPCSIM [4] for the PCSIM sim-

ulator, and Brian 2 [10] for the Brian simulator. Through

PyNN, applications developed using one simulator can be an-

alyzed/simulated using another simulator with minimal effort.

Currently, no interface exists between CARLsim, which is

implemented in C++ and the Python-based PyNN. Therefore,

applications developed in PyNN cannot be analyzed using

CARLsim and conversely, CARLsim-based applications can-

not be analyzed/simulated using other SNN simulators without

requiring significant effort. This creates a large gap between

these two research communities.

Our objective is to bridge this gap and create an integrated

neuromorphic research community, facilitating joint develop-

ments of machine learning models and efficient code sharing.

Figure 1 illustrates the standardized application programming

interface (API) architecture in PyNN. Brian 2 and PCSIM,

which are native Python implementations, employ a direct

communication via the pynn.brian and pynn.pcsim
API calls, respectively. NEST, on the other hand, is not a

native Python simulator. So, the pynn.nest API call first

results in a code generation to the native SLI code, a stack-

based language derived from PostScript. The generated code

is then used by the Python interpreter PyNEST to simulate an

SNN application utilizing the backend NEST simulator kernel.

Figure 1 also shows our proposed interface for CARLsim,

which is exposed via the new pynn.carlsim API in PyNN.

We describe this interface in details in Section III.

On the hardware front, neuromorphic computing [11] has

shown significant promise to fuel the growth of machine learn-

ing, thanks to low-power design of neuron circuits, distributed

implementation of computing and storage, and integration of

non-volatile synaptic memory. In recent years, several spiking

neuromorphic architectures are designed: SpiNNaker [12],
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