MAMMALIAN RETINA MODELING
AND ON-LINE LEARNING ON
CNN ARCHITECTURE
FROM WETWARE TO SILICON
Theses of the Ph.D. Dissertation

Dávid Bálya
Analogical and Neural Computing Systems Laboratory
Computer and Automation Institute
Hungarian Academy of Sciences

Scientific adviser:
Tamás Roska, D.Sc.
ordinary member of the HAS

Budapest, 2003

“If our brain were so simple that we could understand it,
we would be so simple that we could not.”
Jonathan Evans
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Introduction
The proven limitations in pure digital computing motivated an intensive research on the
field of neural/nonlinear parallel processing and the fabrication of the first hardware
prototypes. However, contrary to all expectations, this did not lead to a breakthrough of a new
technology. The reason for that was not necessarily the well-known bottleneck, the limited
precision of all analog hardware implementations, but other factors. The spread and utilization
of these novel computing tools in industrial applications were even more limited by the
imperfection of the architectures, to mention the most important: quick reprogramming of
these new computing structures was not possible, restricting their use to very specific tasks.
Furthermore, the approach assuming a fully connected processing net turned out to be a major
obstacle from the realization point of view, since the implementation complexity increases
exponentially with the number of processors.
Computing architectures based on the cellular neural/nonlinear network (CNN)
paradigm offer an adequate solution for the problems above. CNNs are regular, single or
multi-layer, parallel processing structures with analog nonlinear computing units (base cells).
The state values of the individual processors are continuous in time and their connectivity is
local in space. The program of these networks is completely determined by the pattern of the
local interactions, the so-called template, and the local logic and arithmetic (analog)
instructions. The time-evolution of the analog transient, driven by the template operator and
the processor dynamics, represents the computation in CNN. Results can be defined both in
equilibrium and/or non-equilibrium states of the network. Completing the base cells of CNN
with local sensors, local data memories, arithmetical and logical units, furthermore with
global program memories and control units results in the CNN Universal Machine (CNNUM) architecture. The CNN-UM is an analogic (analog and logic) supercomputer, it is
universal both in Turing sense and as a nonlinear operator, therefore it can be used as a
general architectural framework when designing CNN processors. Up to the present there
have been various physical implementations of this architecture: mixed-signal VLSI,
emulated digital VLSI and optical.
In this dissertation, the focus is put on modelling and implementing different
neurobiological phenomenon on the CNN-UM architecture. Parallel algorithmic solutions are
shown for some application related problems as well where the demand for an extremely high
computing power and the requirement for fast processing make it impossible for a designer to
apply a fully sequential approach. The underlying idea of most methods is based on spatiotemporal dynamics of diffusion and wave phenomena that can be well reproduced and
controlled on a parallel processing array. The majority of CNN templates used in the
detection algorithms are such that their prototypes can be tested on existing VLSI
implemented CNN chips. The goal of the research conducted on the field of retina modelling
is twofold. Though, understanding the behaviour and functionality of a biological system
relying on morphological, pharmacological and neurophysiological observations is a natural
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motivation of all modelling experiments, in this dissertation the engineering approach is
stressed the endeavour to reveal the secrets of robust and fault-tolerant feature detection.
The task of my work was to contribute to the research of retinal modeling and to find
solutions for the hardware implementation of the multi-layer analogic cellular nonlinear
network universal machine (CNN-UM) in mammalian retina modeling. I also had to prove
that it is worthwhile and feasible to deal with CNN-UM analog VLSI chips in neurobiological
modeling. This work included theoretical, simulation and experimental evaluation and
validation.
During the preparatory work I have found the abstract neuron model based on the
receptive field calculus for modeling different sensory modalities and algorithms that might
open new ways of integrating neurobiological models into the common engineering practice.
Some of them have already been verified experimentally on the ACE4k and on the CACE1k
cellular visual microprocessors. These solutions exploit the implicit parallelism and sensornear properties of the CNN-UM to enhance and speed-up the computation of different
algorithms.
A CNN-UM can be applied as a stored programmable analogic cellular computer using
analog transient wave-type computing and logic operators for feature extraction. Feature
vectors can be used for object recognition after post-processing. The classification of feature
vectors is an important task especially if we have a fast feature detector such as the CNN-UM.
I wish to point out that the synergy of the neurobiology, based on retina modeling, and
the CNN-UM technology, especially analog chips with optical input, could be fruitfully
realized.

Methods used in the experiments
In the course of my work, theorems and assertions from the field of ordinary and
partial differential equations, reported results on robustness and feasibility analysis connected
to nonlinear networks, methodologies related to neurobiological modelling were explored.
The biological modelling is based on morphological, pharmacological and neurophysiological
observations and measurements.
Designed CNN templates and algorithmic procedures were tested on software
simulators, such as the CANDY package and ALADDIN PRO 2.x, and on an industrial
framework embedding different Cellular Visual Microprocessors: ACE4k and CACE1k. The
simulators were developed in the Analogical and Neural Computing Laboratory. The
implementation independent description of the developed methods was completed in different
"CNN languages" (template, UMF, Alpha, AMC) ensuring their applicability on different
hardware platforms. During the design process the VLSI implementation complexity was
minimized, therefore, for solving various tasks only nearest neighbour templates were
required. Most of these are linear interaction operators (templates) that can be tested on
existing VLSI prototype systems or nonlinear operators with simple nonlinear interactions.
These operators are expected to be built in the near future. In software simulations, the
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numerical integration of coupled ordinary differential equations was based on first order
adaptive explicit Euler formula. In certain cases, for validation, a higher order (fourth order
Runge-Kutta) formula could also be used.
The experiments and research efforts were interdisciplinary. A number of analyses
were performed in a close cooperation with neurobiologists. In retina modelling experiments,
observations and guidance of biologists supported the synthesis and analysis of various CNN
based models.

New scientific results
1. Thesis: Establishing a sophisticated hardware implemented mammalian retina
model based on neurobiological data; Chapter 2
I have shown that a qualitatively correct typical mammalian retina can be build with the
cellular nonlinear network (CNN) technology, which can be implemented on silicon as a
programmable analogue very large-scale integrated (VLSI) chip. I have designed different
cell-layers of the retina with space-invariant nearest neighbour interactions and monotonic
continuous synaptic characteristics. In the verification process, the spatio-temporal patterns of
the model output were compared to the experimental data recorded from rabbit retina.
Published in IJBC, CTA, ISCAS, CNNA, ECCTD
1.1

I defined the structure of the multi-layer CNN retina model and described a
method for its tuning.
I have worked out the structure of the multi-layer mammalian retina model based on
morphology and electro-physiological measurements. The building blocks of the model are
the nonlinear abstract neuron layers with special synapses. A method to tune the model
parameters and fine-tune the structure is developed and used it for model improvement
(tuning), confirmation (falsification), and robustness analysis. I have tuned the model to
qualitatively reproduce the electro-physiological measurements of several channels of the
rabbit retina. This is the first neuromorphic mammalian retina model that reproduces some of
the measured outputs of several parallel channels.
1.2

The feasibility of implementing the developed multi-layer retina model on
analogue VLSI chips
I have worked out how to implement the developed multi-layer retina model on VLSI chips
using decompositions in three domains: spatial, temporal, and structural. The method to
transform the originally multi-layer, temporally continuous retina model to the general
purpose, programmable, complex-kernel cellular nonlinear network universal machine (CNNUM) is given as an analogic (analogue transient and logic) algorithm. This analogic
algorithm, the decomposed model blocks, was implemented on a hardware implementation of
the complex-kernel CNN-UM, the CACE1k chip. In summary, I defined the steps and
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designed a method, to establish a qualitatively correct retina model starting from the
neurobiological findings through the CNN model until the hardware implementation.
2. Thesis: I implemented an efficient analogic algorithm, based on a measured retinal
function, to detect rapid global changes in the visual scene; Chapter 3
I designed an algorithm based on the properties of the rapid global change suppression global
spatial-temporal event. The steps of the algorithm are the following: difference calculation,
spatial integration, influence expansion, and transient inhibition. This algorithm is
implemented on a general purpose CNN-UM chip (ACE4k) therefore it became an on-line,
real-time tool to detect sudden global changes in the input video-flow. The algorithm can be
plugged into the retina model as a special retina function block.
Published in JCSC, ISCAS03
3. Thesis: On-line learning on the CNN-UM architecture, classification with neural
networks; Chapter 4
The typical implementation of the artificial neural networks is simulation; although some
custom designed processors have been proposed. However, these processors should be
integrated into the commonly used framework. I have developed a method to transform the
general feed-forward neural networks to the CNN-UM platform based on state distribution.
Thus the original network can be computed in the general purpose, programmable, parallel
CNN-UM environment as an analogic algorithm. The method was used to efficiently
implement the adaptive resonance theory (ART) network.
Published in IJNS, CNNA02, ECCTD03
3.1

I designed a method to transform the general feed-forward artificial neural
networks to the CNN-UM platform.
The key of the method is how to represent the weights of the general feed-forward neural
networks by the states of cells in the CNN array. I have applied state distribution for this
purpose, which is followed by the parallel computation of the CNN-UM as an analogic
algorithm. Finally the state aggregation collects the results. The method makes possible to
efficiently employ the widely used artificial neural networks on CNN-UM, which can be
implemented in a general-purpose hardware. The logic of the transformed analogic algorithms
depend on the type of the network, but can be built up from a few simple subroutines, which
are given for both binary and greyscale cases: state aggregation, hard-limited output
computation, winner selection, and new node creation.
3.2: I implemented the ART classification network on a CNN-UM chip.
I have shown how to implement the ART network on the CNN-UM architecture. The original
algorithm is modified to be suitable for real-time computing and I have derived the optimal
binary decision functions: a choice function to select the most similar category, a match
function to reject the inappropriate categories, and a learning function to update the category
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prototype. The algorithm is suitable to cluster the input vectors into self-generated categories
with adjustable resolution or can be applied for supervised classification without predefining
the number of categories. The algorithm is convergent, stable, robust, and its execution time is
independent of the number of the existing categories and features. The method is
implemented on the ACE4k cellular visual microprocessor, which can handle maximum 32
features in 64 categories.

New practical results
•

I designed a model framework to describe cellular networks composed by several
common analogue neurons, where only the key parameters should be set, but the system is
still neuromorph. I have shown how this framework can be transformed into CNN
differential equations.

•

I analyzed the previously described model framework and in some typical cases I derived
explicit formulas for the overshoot and the time to reach the peak value of the transient. I
derived the possible exponential transfer functions for the models.

•

I derived an explicit and adaptive-stepsize integration formula, which has only small extra
cost plus uses no back-step and speeds up the simulation tremendously.

•

I tuned the retina model to qualitatively reproduce the rabbit retina measurements.

•

I applied the rapid global change suppression algorithm successfully for video-shot
detection.

Application of the results
The results of the mammalian retina research (Thesis 1) can be embedded into several
complex algorithms and applications targeting real-life applications, like object classification,
recognition, tracking, and alarming. The examined and reproduced retina effects may be
useful for image processing tasks such as:
• edge and object corner detection in space and time,
• object level motion detection with size selectivity (beside local interactions),
• speed, size and intensity selective video-flow processing with noise filtering
and for design principles, as well:
• spatial, temporal, and spatio-temporal decomposition of the input flow for sparse signal
representation,
• adaptive parallel On-Off channel processing for signal flow normalization,
• vertical interaction of the decomposed channels to decrease the correlation between the
processing flows.
Our ambitious goals are building the front-end processing of an artificial vision system and
designing the software of retinal implants where the developed model could be directly used.
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The presented global spatial-temporal event detector (Thesis 2) can be used in different
environments. The algorithm serves as a preprocessing or filtering function indicating sudden
changes of the input-flow. The algorithm, due to its low memory requirements and fast
processing speed, can be a common function in any on-line, real-time spatial-temporal
algorithm, such as:
• Motion compensation and image stabilization,
• Artificial video-shot change detection (e.g. hard cuts, fades and dissolve),
• Key-frame selection for content-based video compression,
• Time instance determination for re-initialization of the history based processing flow,
• Accident detection of the mounted camera (e.g. the tripod overturns),
• Mammalian retina model improvement: rapid global change suppression effect.

The proposed analogic ART-like algorithm (Thesis 3) can be applied wherever is a need for
high-speed adaptive classification and it is possible to compute several simple features. A
low-cost and high-speed pattern recognition system with low power consumption and limited
accuracy can be a viable alternative to existing solutions. Some possible application areas are:
• On-line morphological identification
• Site identification by texture classification, e.g. the road ahead is sandy, rocky or wet.
• Biometric security systems, e.g. fingerprint verification or face recognition
• Biomedical signal (e.g. EEG) analysis
• Pattern recognition
• Target tracing: object – model binding
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