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Abstract: To understand the functional roles of visual neurons in the retina and the visual cortex, responses of a visual 
neuronal network under natural visual environments should be investigated. In this study, we developed an emulation platform 
for reproducing neural activities in the retina and the visual cortex with the following features: real-time reproduction of neural 
activities with physiologically feasible spatio-temporal properties and configurable model structure. To achieve both real-time 
simulation and configurability, we employed a mixed analog-digital architecture with multiple parallel processing techniques. 
The system was composed of a silicon retina with analog resistive networks, a field-programmable gate array, and SpiNNaker 
chips. The emulation system was successful in simulating a part of the retinal and cortical circuits at 200 Hz. 
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1 INTRODUCTION 

Visual signals are received and processed in the retina 
and the visual cortex. For understanding the computation 
and function of these biological visual systems, the 
relationship between visual inputs and neural responses 
have been investigated by using simple visual stimuli, e.g., 
spots, annuli, and gratings of light in physiological 
experiments for several decades [1][2]. Various neuronal 
network models of the retina and the cortex have been 
proposed on the basis of the stimuli-response relationships 
([3][4] for example).  

However, speculating the functional role of a model 
neuronal network under natural conditions is not 
straightforward because images received by the retina under 
natural conditions are far more complex spatiotemporally 
than those used by physiological experiments. One of the 
feasible ways to speculate the functional role of model 
networks is simulating the activities of the model networks 
responding to natural images in real time. 

Although computer simulations using a sequential 
digital computing system, such as a personal computer (PC), 
have been used to examine the behavior of model neuronal 
networks [5], the high computational cost of simulating 
neuronal networks in which neurons have a bunch of 
connections does not allow simulators to reproduce neural 
activities in real time. Computer architecture itself has to be 
improved to run a real-time simulation. 

Employing parallel analog circuits, such as bio-inspired 
silicon retinas [6][7][8][9] or silicon early visual systems 

[10], is a feasible solution to run a real-time simulation 
because analog circuits offer instantaneous predetermined 
spatio-temporal processing required to simulate some parts 
of the retinal and cortical circuits. However, their built-in 
analog circuits lack configurability, which is also important 
for neural simulation. Configurability needs to be 
compensated by programmable systems. 

To fulfill the requirements of the visual system 
simulator described above, retina emulators with analog-
digital mixed architecture has been proposed [11][12][13]. 
These emulators employed a silicon retina and a PC 
[11][12] or a field-programmable gate array (FPGA) [13] to 
take advantages of both analog and digital systems. 

In the present study, we further developed the emulator 
to include simulation of a part of cortical circuits. To 
reproduce the neural activities of both the retinal and 
cortical circuits, we combined the retina emulator [13] and 
the SpiNNaker chips [14], in which multiple CPUs simulate 
spiking neural networks in parallel and in real time. This 
mixed analog-digital architecture with multiple parallel 
processing techniques is suitable for simulating visual 
systems. 

 

2 VISUAL SYSTEM EMULATOR 

2.1 Hardware architecture 
Fig. 1 shows the diagram of the structure of the visual 

system emulator developed in this study. The emulator is 
composed of a retina emulator [13], a SpiNNaker interface 
(I/F) board, and a SpiNNaker [14] board. The appearance of 



the emulator is shown in Fig. 2. This emulator reproduces 
activities of both neuronal networks operating with graded 
potentials and those operating with spikes in real time, 
taking advantages of its mixed analog-digital architecture 
with multiple parallel processing techniques. 

The retina emulator [13] is composed of a silicon retina 
(Neuralimage Co., Ltd), an FPGA (Xilinx XC6SLX45), and 
signal converters. The silicon retina used here is an analog 
VLSI image sensor with image processing circuits. The 
design of a pixel is essentially the same as that described in 
[8]. It has 128 x 128 pixels, each of which is connected to 
four neighboring pixels by way of two layers of resistive 
networks, which apply a spatial low-pass filter to the whole 
pixel in parallel. This emulator generates simulated retinal 
spikes from images received through lens at 200 Hz. The 
generated spikes are sent to the SpiNNaker board by way of 
the SpiNNaker I/F board. 

The SpiNNaker board that has 4 SpiNNaker chips 
generates simulated cortical spikes from retinal spikes 
received from the retina emulator. Because each SpiNNaker 
chip contains 16 ARM cores for computation, 64 ARM 
cores simulate large scale neuronal networks in the visual 
cortex in parallel and in real time. The rich programmability 
of the SpiNNaker offers flexible network topology and 
configurable temporal properties of neurons. 
 

2.2 Signal process flow 
The visual system emulator simulates the essence of 

computations carried out in the neuronal circuits in the 
retina and the primary visual cortex. Although many types 
of neuronal networks are programmable in SpiNNaker 
chips, we programmed only even-type simple cells to verify 
the operation of this simulation platform in this study. 

Fig. 3 depicts the process flow of the retina emulator. 
The spatial smoothing function mediated by the gap 
junctions of two types of retinal neurons (photoreceptors 
and horizontal cells) are simulated by two layers of the 
resistive networks in the silicon retina. The role of temporal 
filter TF1 is to simulate the delay of the lateral inhibition. 
TF1 is implemented with a first order infinite-impulse-
response (IIR) filter. Temporal filter TF2 reflects temporal 
properties of neurons in the outer retina (photoreceptors and 
bipolar cells). TF2 is implemented with a linear summation 
of four first order IIR filters. The output signal of TF2 
represents the responses of on-center bipolar cells. Spikes 
of ganglion cells are generated from the simulated response 
of bipolar cells based on a simple leaky-integrate-and-fire 
(LIF) model. Although this retina emulator can simulate 

multiple types of ganglion cells, we used only a single type 
of ganglion cell, which is called on-center sustained type, in 
this study. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Diagram of the system structure. The emulation 
system consists of a silicon retina, an FPGA, signal 
converters, and SpiNNaker chips. A PC is used for 

receiving the output data and for configuring the parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Appearance of the emulation system. The emulator 
consists of a retina emulator, a SpiNNaker I/F board, and a 

SpiNNaker board.  
 



Each simulated simple cells [4] programmed in the 
SpiNNaker receives spikes from seven consecutive 
ganglion cells arranged horizontally or vertically, and   
generates spikes based on LIF model. The aspect ratio of 
the simple cell in this configuration is about four; this value 
is comparable to the median of the aspect ratio of monkey 
simple cells [15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Process flow diagram of the visual system emulator. 

Images are received by the photoreceptor in the silicon 
retina. Two layers of resistive networks simulate gap 

junction networks of two types of retinal neurons. Blocks 
TF1 and TF2 represent temporal filters simulating temporal 
properties of retinal neurons. Blocks LIF represent leaky-

integrate-and-fire processing. 
 

3 EXPERIMENTS AND RESULTS 

The neural activities simulated by the emulator were 
examined by presenting images on a liquid crystal display 
(LCD) and natural scenes.  
   Fig. 4(a) shows an input image used to examine the 
orientation selectivity of the simulated simple cells. Fig. 4 
(b), (c), and (d) show simulated responses to this input 
image. Fig. 4(b) shows a spike pattern of simulated 
ganglion cells. Cells along the white lines generated spikes 
intensively. Fig. 4(c) and (d) show spike patterns of 
simulated simple cells that respond selectively to vertical 
and horizontal edges, respectively. Cells along the vertical 
line (c) or horizontal line (d) generated spikes intensively. 

Fig. 5(b),(c), and (d) show simulated responses to an 
input scene as shown in Fig. 5(a). Fig. 5(b) shows a spike 

 
 
 
 
 
 
 
 
 
            (a)                   (b) 
 
 
 
 
 
 
 
 
            (c)                   (d) 
Fig. 4. Input image and simulated spikes of the experiment 

to examine the orientation selectivity of the simulated 
simple cells. (a) Input image. (b) Simulated spikes 

generated by ganglion cells. (c) Simulated spikes generated 
by simple cells that respond selectively to vertical edges. 

(d) Simulated spikes generated by simple cells that respond 
selectively to horizontal edges. 

 
 
 
 
 
 
 
 
 
           (a)                   (b) 
 
 
 
 
 
 
 
 
           (c)                   (d) 

Fig. 5. Input scene and simulated spikes. (a) Input image. 
(b) Simulated spikes generated by ganglion cells.       

(c) Simulated spikes generated by simple cells that respond 
selectively to vertical edges. (d) Simulated spikes generated 
by simple cells that respond selectively to horizontal edges. 



pattern of simulated ganglion cells. Cells around the 
contours of the display and the hand generated spikes 
intensively. Fig. 4(c) and (d) show spike patterns of 
simulated simple cells that respond selectively to vertical 
and horizontal edges, respectively. Cells around  vertical 
contours (c) or horizontal contours (d) generated spikes 
intensively. 
 

4 CONCLUSION 

We developed a visual system emulator by using an 
analog-digital mixed architecture with multiple parallel 
processing techniques. This emulator, which simulates a 
part of the retinal and cortical circuits in real time and has 
rich configurability, could be a useful tool for speculating 
the functional roll of a particular neuronal circuit under 
natural conditions. 
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