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The distribution of antagonism on two-dimensional space, as seen in simulated 

step-responses, is concentrated in two lobes, placed horizontally or diagonally relative 

to the receptive field centre. 

The study of nonlinearity in the receptor-LMC system has in the past been mainly 

restricted to static models. The sigmoidal dependence of response amplitude on the 

size of a step stimulus has been measured at different mean intensities (eg Laughlin 

and Hardie 1978, Laughlin et al 1987). Kernels from the spot-annulus experiments 

in this study represent the temporal dynamics of nonlinear components of response. 

These are estimated to second degree for stimulation in centre and surround, and to 

third degree in the centre. 

The kernels display a number of characteristic parts which are repeated across 

experiments, although parts have variable amplitudes and are sometimes absent 

Quadratic and cubic kernels seem to have both tensor product structure, with regions 

oriented parallel to the axes, and structure oriented diagonally on their domains. In 

the quadratic LMC kernels the two components have considerable variation in relative 

amplitude. The time courses of the linear and cubic kernels is comparable, while the 

quadratic kernels have different timing. 

Light adaptation was not extensively studied, with only ·two levels of illumination 

used. The changes in properties between the two levels were significant, and generally 

as expected. Briefly, at the lower level, latencies were longer and kernels were less 

biphasic. Contrast gain was reduced, and responses had smaller percentages nonlinear 

contribution. Spatial properties did not change markedly. Properties at the two levels 

were examined separately, hence the dynamics of adaptation was not studied, apart 

from the role of the quadratic kernel discussed in section 4. 8. 

Although the study of noise properties was not a principal goal of the project, 

examination of the deviation in response between stimulus repeats produced interesting 

evidence counter to the almost universal assumption of independent additive noise, 

in the case of LMC cells. The distribution of LMC response amplitudes is seen 

to be skewed towards positive values, particularly in the case of the spot-annulus 

experiments. 

176 



5.2 Models derived from the kernels 

The kernels derived from recorded responses produce an empirical model of system 

behaviour. A number of models have been developed at a second level, in which 

Parametric curves and structural models have been fitted to the observed kernels. 

The temporal linear kernels are fitted well by the double log-normal family of 

curves, providing a convenient parametric form for simulation of system behaviour. 

Simulation of model electrical networks suggests that the flow of currents across passive 

electrical elements in the lamina array may account not only for lateral antagonism, as 

suggested by Shaw (1975), but also for the temporal high-pass filtering occurring in 

retina-LMC transmission, as suggested by Laughlin (1974). The production of both 

phenomena by the same mechanism is made possible by assuming the presence of 

significant capacitance and resistance of the glial cell membranes separating lamina 

cartridges. 

Concerning the nonlinear kernels, great effort was made not merely to present them, 

but to use them to make inferences about the organisation of the system by fitting 

structural models. Linear and parts of the cubic kernels are fitted well by assuming a 

presynaptic high-pass filtering operation and a sigmoidal characteristic curve for the 

receptor-LMC synaptic transmission. 

The quadratic kernels produce difficulties for structural modelling, and the puzzle 

is not yet entirely solved. The quadratic kernels introduce polarity asymmetry into the 

model system, and may reflect light adaptation processes, as described in section 4.8. 

Light adaptation is a regulatory process operating over many log-units of intensity 

range. We can state with confidence that feedback will play a central role in such 

a process. Structural modelling of feedback networks is a much less developed 

theoretical field than the modelling of feedforward-only networks. Furthermore, the 

work which has been done perhaps uses a formalism which is not appropriate in 

the present context, as it generally considers systems in which a nonlinear operator 

produces a feedback signal which is added linearly at an earlier point in the network. 

The formalisation appropriate for treating adaptation processes, I would suggest, is 

where a feedback signal causes modification of the operators in earlier parts of the 

network. 

The simplest example is a system with gain control, such as the phototransduction 

process, whereby large values of output lead to a reduction in transduction gain, hence 
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in the amplitude of the transduction intensity kernels. In the case of phototransduction, 

the time-course of kernels is also altered. This approach may hold the key to the 

interpretation of quadratic nonlinearities in this system. 

5.3 Function of the retina-LMC transformation 

The interpretation of the processing in the early stages of the insect visual system in 

terms of function has been most developed in the work of Laughlin and collaborators 

(review, Laughlin 1989a). The retinal array of the insect forms a neural image of the 

visual scene, transducing light intensity into intracellular voltages. The mechanisms of 

transduction, however, may impose constraints on the form of the receptor response. 

Thus the transmission from the receptors to the LMCs of the lamina can be seen as a 

dynamic image processing operation which recodes the neural image in a form more 

suitable for subsequent levels of visual processing. 

Following the conceptual path of Barlow (1961), the recoding is examined in terms 

of the concepts of the information theory of Shannon (Shannon and Weaver 1949). 

The limitations on information capacity of the channels in this system are of three 

kinds: the noise introduced at each stage of the system, the limitation of dynamic 

range of the cells set by the reversal potentials of the ions involved, and the restricted 

frequency bandwidth of the system. 

The convergence of six receptors onto each LMC reduces the effect of receptor 

noise power by a factor of six. Amplification during the receptor-LMC transmission 

produces a stronger signal, lessening the effect of noise added at later stages. The 

large number of receptor-LMC synapses, 200 per receptor, ensures that the high gain 

of transmission does not introduce excessive synaptic noise (Laughlin 1973). 

To avoid saturation of the LMC response, this amplification is complemented by 

filtering, to reduce the low frequency components in space and time. The form of 

this filtering has been compared with the optimum given by the predictive coding 

formalisation (Srinivasan et al 1982), which leads to broad, weak antagonistic fields 

when the signal to noise ratio is low, at low levels of illumination, and narrow, strong 

antagonistic fields at high light levels. The temporal results in this thesis are compatible 

with these predictions, although the weakness of the lateral antagonism found suggests 

that spatial effects are of less importance than the theory predicts. The nonseparability 
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of the kernels on the space-time domain funher complicates the issue. I have applied 

the predictive coding formalisation in the spatiotemporal case, however the results 

lacked stability, and were at variance with the observed LMC kernels. 

The limitation in dynamic range of neural signals distinguishes these systems from 

many engineering applications. The limitation to signal strength in electrical and radio 

communication systems is generally the mean power passing through the channel. The 

distribution of signal amplitudes having the maximum entropy for a given mean power 

is the Gaussian distribution, which also leads to the simplest mathematical treatment. 

Laughlin (1981b, 1982) suggested that the sigmoidal characteristic curve of the 

receptor-LMC synapse optimised the coding of visual signals by transforming the 

Gaussian distribution of contrasts seen in the environment to a uniform distribution of 

response amplitude in the LMC. This would be the optimum distribution given additive 

noise present in the LMC. As noted in this thesis, LMC noise appears to be non-additive, 

although the results are still qualitatively consistent with the optimisation, since the 

amplitude distributions indicate that positive amplitudes occur more frequently, for 

which the noise power is less. The difficulty in pursuing this question quantitatively 

is in estimating the statistical properties of the signals occurring during the normal 

physiological functioning of the fly. 

We thus conclude that the results obtained in this study are generally compatible with 

information theoretic interpretations, although they in some cases suggest complexities 

not yet taken into account which would require further study. 

Concerning the nonlinear components of response, the percentages of power 

present suggest that the receptor-LMC system is primarily linear, but with significant 

nonlinearity present. The nonlinearities can be interpreted as providing secondary 

functions, complementing the primary linear processes. The cubic component appeared 

largely to reflect the sigmoidal shape of the synaptic characteristic curve, and is thus 

involved in the transformation of amplitude distribution described above. Quadratic 

nonlinearities may reflect light adaptation of the system, and thus have an important 

functional role in that respect. 

Considering the overall visual system of the fly, the processing taking place can 

be viewed as a data reduction, from the ten thousand signals in the ommatidia of the 

retina, to the small number of actions of which the fly is capable. Another approach 

to early visual processing is to assume that data reduction is already occurring in the 
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receptor-LMC transformation. The two approaches are largely consistent, in that many 

of the concepts of information theory are applicable to a data reduction process: the 

goal of producing output data with the minimum possible noise contamination, and the 

coding of the output data in a form suitable for transmission through the subsequent 

channel. 

Classical information theory, developed in the context of communications engineer­

ing, is concerned with the preservation and transmission of information. It prcxluces 

definitions for measuring information production rates and channel capacities, in bits 

per second, and produces coding algorithms for effectively using channel capacities. 

What is required is a more general theory of information processing. Classical inf or­

mation theory would then be a special case, in which the aim is to maximise the total 

mutual information between a systems input and output. In an information processing 

system in general, some aspects of information might be deliberately discarded, while 

some derived quantities are calculated from the inputs in a many-to-one fashion. 

5.4 Technical conclusion 

Some comments are due concerning the techniques used in this study. The essence of 

the system identification methodology used is, in my opinion, the form of representation 

of system behaviour which is prcxluced. 

The kernel-operator model of the mapping from input to output gives a quantitative 

description of the behaviour of the system in response to a large class of stimuli. The 

models are readily generalised to account for multiple input channels or a general 

spatiotemporal input, and to account for nonlinear components of response, at least of 

low degree. 

The kernels produced provide empirical results of general interest, as well as giving 

a description of system behaviour suitable for interpretation in terms of function. 

The kernel-operator description is also readily suited to the construction of structural 

models consisting of networks of operators, as pursued in chapter 4. The notation 

devised was found to be of great use in the treatment of such networks. By removing 

the extraneous parts of the usual model representation, in particular the time variables 

and variables of integration, a notation is produced which allows more fluent algebraic 

expression of models, as well as allowing high-level translation into machine-usable 
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form for numerical calculation. 

The kernel description allows some inferences to be made about the mechanisms 

underlying a system's behaviour, although in this respect it is probably best regarded as 

complementary to techniques which probe mechanisms more directly, such as voltage 

and current clamp and pharmacological techniques. Similarly, although the stimulus 

used is natural, in the sense of involving low contrast mcxlulation which keeps the 

system in its physiological range, the more traditional stimuli such as high contrast 

flashes may be more revealing in terms of mechanism precisely because they drive the 

system beyond its normal operating range. 

The use of a stochastic stimulus is a less essential aspect of the method. Wiener 

suggested the use of a white-noise test input envisaging that the signal would be 

produced by a truly random process, shot-noise, and that the data analysis would be 

done using analog computation. 

At present most system identification is done using digital computer equipment, 

allowing complete control over the stimulus presented. This control, when available, 

allows the use of deterministic test inputs producing precisely orthogonal designs, as 

described in section 2.4.5. The theoretical development of the white-noise technique 

· has come mainly from an electrical engineering or signal processing perspective. 

When viewed from the perspective of mathematical statistics, the use of orthogonal 

design in experimentation is quite traditional. In fact, in statistics, orthogonal design 

is of less importance now than previously, since many statistical calculations have 

computational requirements easily met by modern computers. In the identification of 

dynamical systems, however, the size of designs is so large that orthogonal design 

is an important concept. Thus, in active system identification, methcxls such as the 

m-sequence technique developed by Sutter may be of increasing value. 

The methods of obtaining least-squares kernel estimates for large designs developed 

in this thesis may have their greatest applicability in the area of passive system 

identification, where system inputs are sampled by the experimenter but cannot be 

controlled, thus greatly extending the range of applications for nonlinear system 

identification. 

Concerning the spatial design of stimuli, in the introduction it was noted that previous 

reports of implementations of spatiotemporal white-noise analysis have stressed the 

technical viability of the technique, rather than presenting new scientific results. 
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This study has developed another implementation and used it to produce results, by 

addressing an issue for which the analysis could give useful answers, that is, the precise 

form of antagonism of the LMC response on the spatiotemporal domain. We note that 

the spatiotemporal representation was only fitted to first degree, with the nonlinear 

analysis being performed for a stimulus with reduced dimensionality. A conclusion of 

this study is that the spatiotemporal stimulus cannot be viewed as a universal stimulus 

rendering all other stimuli obsolete, due to the combinatorial explosion in the number 

of kernel points involved, a limitation which will hold irrespective of the data analysis 

techniques used. Rather, the design of the stimuli must be developed interactively 

according to the system under examination, with a variety of designs addressing 

different aspects of system behaviour. 
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