November 13, 1995Page 1

THE CONTINUOUS RETINA: IMAGE PROCESSING WITH ASINGLE-SENSOR ARTIFICIAL NEURAL FIELD NETWORKJonathan W. MillsComputer Science DepartmentIndiana UniversityBloomington, Indiana 47405jwmills@cs.indiana.eduAbstractSilicon retinas are typically implemented with multiple photosensors. Recent work with VLSIextended analog computers has led to a single-photosensor retina. It is called a continuous retinabecause the image focused on it generates a current gradient within the sensor, as opposed toindependent currents in multiple sensors. The current gradient is discretized into an analog outputvector, then classified by a trainable on-chip artificial neural field network. The continuous retina iscompact. A VLSI implementation that recognizes several letters fits onto one MOSIS "TinyChip".1.IntroductionIt is natural for biologically-inspired devices to model cellular structures. Silicon retinas aretherefore typically implemented with multiple sensors, and often contain additional processingelements within the sensor array to model early vision tasks such as edge detection, motiondetection, or corner recognition. All of the silicon retinas known to the author take this approach[Harris/Koch/Luo/Wyatt89, Hutchinson/Koch/Luo/Mead88, Mead89, Mills92, Mills93,Sheu/Choi95, Van der Spiegel89].The continuous retina presented in this paper represents a different approach. It is inspired by theobservation that neural systems can be modeled by real-valued continuous fields [MacLennan90].MacLennan calls such abstract systems field computers. Biological examples of field computerssuch as the ocular dominance stripes in the visual cortex support the model [Hubel/Weisel62].MacLennan did not implement a field computer, but his work did inspire the design of artificialneural field networks [Mills95a].Artificial neural field networks (ANFNs) model the behavior of a network of fields of neurons. Aneural field is an aggregate of neurons and their external inputs whose output can be defined by asingle function. The neural field function is the composition of the pair of functions F and L thatcompute the weighting, summing, and activation functions of each neuron in the field. F is non-adjustable. It computes the sum of the synaptic inputs into and within the field weighted bylocality of the input; the weights are not adjustable. L is adjustable, and computes a variabletransfer function for the field. F separates non-linearly-separable inputs, while L maps the outputof F to some desired encoding. ANFNs are trained by selecting the best L for each field.Viewed as an ANFN, the continuous retina implements F as a single-pixel sensor, and L as acollection of programmable function generators whose output encodes the identity of the imagerecognized. When an image is focused on the continuous retina it generates a current gradientwithin the sensor � a field � as opposed to independent currents in multiple sensors. The currentgradient is discretized into an analog output vector, then classified by the programmable function

November 13, 1995Page 2 generators. The early vision tasks explicitly performed by multiple-sensor retinas are subsumed bythe field computation of the ANFN.The continuous retina and other ANFNs are implemented as extended analog computers (EAC)[Rubel93]. VLSI EACs are composed of conductive sheets surrounded by multiple Lukasiewiczlogic arrays (LLAs) [Mills95b]. LLAs are arrays of current mirrors that implement Lukasiewiczimplication, A � B, algebraically equivalent to min(1, 1-A+B) [Mills/Beavers/Daffinger90,Mills92]. The topology of the conductive sheet, the material from which it is constructed, and theboundary-value LLA functions determine the computation that the EAC performs. EACs areTuring-complete. They are theoretically capable of solving more complex problems thanconductive sheets or resistive meshes alone, which have long been known to solve the partialdifferential equations that describe field problems [Kirchhoff45, Karplus58]. For example, anEAC can control a quadropole electromagnet in a cyclotron beam line by solving the boundary-value problem that describes the particle beam and using the solution to generate a control signal[Mills95c].The continuous retina is compact because the EAC’s conductive sheet doubles as the ANFN’s Ffunction, reducing explicit inter-sensor wiring to zero. The L function is implemented as fourLLAs with an analog computation path that does not require ADCs and DACs. A VLSIimplementation fits onto a MOSIS "TinyChip", and can recognize several block letters.2.SimulationThe major question about the design of the continuous retina concerned the conductive sheetsensor: would sufficiently distinct current gradients result? Three simulation approaches wereused. A foam conductive sheet was built that generated surfaces from attached electrodessimulating vector characters focused on the conductive sheet. The simulated photocurrent gradientwas measured on a 13x14 grid (Figure 1a). MatLab was used to simulate a square conductivesheet modeled by Poisson’s equation with the diffusion constant set to the permittivity of silicon.(PISCES uses a similar approach [Dutton/Yu93]. PISCES can also handle implantationdiscontinuities used to form MOSFET and BiCMOS device, but these are not a factor inconductive sheet design.) The sheet was discretized for output onto a 50x50-element square mesh(Figure 1b). A preprocessor for SPICE [Almeter95] was used to generate a 16x16 finite-elementmesh of resistors, with electrodes modeled as 1 ohm resistors (Figure 1c).

November 13, 1995Page 3

No single simulation modeled the anticipated behavior of the conductive sheet correctly. Allsimulations resulted in discontinuities in the output: the foam and MatLab simulations because theoutput was discretized; the SPICE simulation because the inputs were discretized on the resistivemesh. The MatLab and SPICE simulations did not indicate the probable resolving power of thesheet because ideal infinitely-thin 2-dimensional sheets were used in the model. The current flowinto the substrate was ignored as a result (this would not have been a problem with PISCES). Thecurrent flow was modeled by the foam because the foam has substantial thickness (5mm).However the foam simulation introduced error due to its anisotropicity: current flowed unevenlyas well as more easily along the x-axis than the y-axis. This deformed the current gradientlaterally, a problem that did not occur in the MatLab and SPICE simulations. However, thecombination of simulations was considered sufficiently accurate to submit the design forfabrication. PISCES is being obtained for future work, and to compare to the foam simulation.3.VLSI implementationThe prototype continuous retina was laid out as a MOSIS "TinyChip" with outputs from theconductive sheet sensor available at separate pins where they are wire-summed and redirected asinputs to the digitally-reconfigurable LLAs (Figure 2a).

November 13, 1995Page 4

16

141517

5424252726

181921202322

13111012

9867

312Figure 3.The retina classifies its input in about one microsecond, determined by the time needed to generatethe photocurrent and by the slew rate of the LLAs [Biswas94]. The conductive sheet stabilizes intime proportional to its corner-to-corner diagonal’s length. For example, the RC time constant for aconductive sheet sensor composed of n-well with a uniform sheet resistance of 2kW/m2 and sheetcapacitance of 500 x 10-18 farads/m2 is 1 x 10-12 seconds, or 1 picosecond/m2. For a sheet 1cm2this leads to the estimate that it will stabilize in 14 nanoseconds [Sze81, Weste/Eshraghian93].A disadvantage of the continuous retina is the problem of sensor saturation: a bright image willgenerate a current gradient that loses distinguishable features. Experiments with the conductivefoam suggest that the contrast of the image can be enhanced by manipulating the substrate voltage.This will be tested when the prototype retina is received from MOSIS.4.A simple character recognizerThe continuous retina can be operated as a trainable character recognizer, a task often performed byneural networks [Hertz/Krogh/Palmer91, Sheu/Choi95]. Simulation of a simple recognizer thatdistingishes between "A" and "T" illustrates how the retina is trained using the 27 basis functions.A binary encoding for the characters is chosen, with "A" indicated by 111 and "T" by 000 (if aternary encoding were chosen it would be barely possible to classify all 26 characters of thealphabet, but in this example a value other than 0 or 1 indicates uncertainty in the classification).The L functions are initially set to produce a 1 for every input to the retina. Presenting an "A" to theretina does not generate an error, so no adjustment of the L functions is possible (Figure 4).

3

3L1L2L3L1L2L3

6

68L1L2L3

L1L2L3.9.1.10.00.00.0

November 13, 1995Page 5

Presenting "A" again to determine if the retina is trained indicates that this choice of functionsettings is acceptable (Figure 6).

68L1L2L3

L1L2L3.2.9.51.01.01.0Figure 6.Finally, the ability of the retina to classify characters as either "A", "T", or similar to one or theother is tested with four images: a scrawled "A", an "H", a "T" with a circular patch removed, andan "F" (Figure 7).

November 13, 1995Page 6

REFERENCES[Almeter95] A TCL Pre-Processor for SPICE, October 1995.[Biswas94] Some Investigations with Laser Beams on an LLA Retina, MS Thesis, Indiana University ComputerScience Department, August 1994.[Dutton/Yu93] Technology CAD: Computer Simulation of IC Processes and Devices, Kluwer:Boston, 1993.[Harris/Koch/Luo/Wyatt 89] Resistive Fuses: Analog Hardware for Detecting Discontinuities in Early Vision(in Analog VLSI Implementation of Neural Systems, Mead and Ismail, eds.), Kluwer: Boston, 1989, pp. 27-56.[Hertz/Krogh/Palmer91] Introduction to the Theory of Neural Computation, Addison-Wesley: Redwood City,California, 1991.[Hubel/Weisel62] Receptive Fields, Binocular Interaction, and Functional Architecture in the Cat’s VisualCortex, Journal of Physiology (London) 160, pp. 106-154.[Hutchinson/Koch/Luo/Mead88] Computing Motion Using Analog and Binary Resistive Networks, IEEEComputer, 21(3), 1988, pp. 52-64.[Karplus58] Analog Simulation, McGraw-Hill: New York, 1958.[Kirchoff45] Flow of Electric Current through a Plane, Particularly through a Circular Disk, Ann. Phys. Chemie,64 (1845), p. 499.[MacLennan90] Field Computation: A Theoretical Framework for Massively Parallel Analog Computation PartsI-IV, Computer Science Department Technical Report CS-90-100, University of Tennessee, Knoxville,1990.[Mead89] Analog VLSI and Neural Systems, Addison-Wesley: Reading, Massachussetts, 1989.[Mills/Beavers/Daffinger90] Lukasiewicz Logic Arrays, Proceedings 20th International Symposium onMultiple-valued Logic, pp. 4-10.[Mills92] Area-Efficient Implication Circuits for Very Dense Lukasiewicz Logic Arrays, Proceedings 22ndInternational Symposium on Multiple-valued Logic, Sendai, Japan, May 26-30, 1992, pp. 291-299.[Mills93] Lukasiewicz’ Insect, Proceedings 23nd International Symposium on Multiple-valued Logic,Sacramento, California, May 26-30, 1993, pp. 291-299[Mills95a] Artificial Neural Field Networks, (in preparation).[Mills95b] Kirchhoff Machines, Indiana University Computer Science Technical Report 439, August 1995.[Mills95c] Programmable VLSI Extended Analog Computer for Cyclotron Beam Control, Indiana UniversityComputer Science Technical Report 441, August 1995 (submitted to 1996 Int. Symp. on Circuits andSystems).[Rubel 93] The Extended Analog Computer, Advances in Applied Mathematics, 14 (1993), pp. 39-50.[Sheu/Choi95] Neural Information Processing and VLSI, Kluwer: Boston, 1995.[Sze81] Physics of Semiconductor Devices, Wiley-Interscience: New York, 1981.[Van der Spiegel89] Van der Spiegel, J., G. Kreider, C. Claeys, I. Debusschere, G. Sandini, P. Dario, F.Fantini, P. Belluti, and G. Soncini. A Foveated Retina-Like Sensor Using CCD Technology (in AnalogVLSI Implementation of Neural Systems, Mead and Ismail, eds.), Kluwer: Boston, 1989, pp. 189-212.[Weste/Eshraghian93] Principles of CMOS VLSI Design, Addison-Wesley: Reading, Massachussets, 1993.