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[bookmark: _Toc102048400]Introduction
This paper is a record of an investigation into the possibility of designing low power neural net systems based on observations of biological neural systems. The starting point for the investigation is a research paper titled: ‘Structure, Distribution, and Function of Neuronal/Synaptic Spinules and Related Invaginating Projections’ by R. S. Petralia, Y.-X. Wang, M. P. Mattson, and P. J. Yao[1].  The paper reports findings of research into structures involved in synaptic junctions in living tissue. The question raised is if an electrochemical signal is being passed from membrane to membrane, why did such a large and invasive structure evolve where simple surface contact would suffice?
The theory of evolution  clearly shows that complicated and inefficient mutations quickly disapear within species as the evolutionary process procededs. The existance of such structures must have an advantage. This poses the question; what is the purpose of having such a structure and does the scientific community need to revise the common understanding about how synapses function? This paper will elaborate on a potential solution that is communication based on capacitive charge rather than ionic current flow. To demonstrate the idea, a semiconductor circuit will be designed to mimic the principle and to provide a proof of concept for a low power analogue neural net component . It is also hoped that information an results from the research undertaken will enable a greater understanding in the biological community with relation to the functioning of the neural function model.
Projects rarely have a single goal. The average research project often has three or four such targets all cantered around a central paradigm. Occasionally, the development of the project throws light on hither to hidden aspects of the work and can cause a re evaluation of the basis of the original idea. This is another of the goals of the project. In undertaking the work to develop the circuitry based on the unproven capacitive theory, a light could be shone on the understanding of how biological neural systems function. This informative feed back is one of the prime mechanisms of scientific discovery. As a side note, in the process of writing this passage, a though has occurred that seems outlandish but has a basis in physical fact.  If the nerve membranes hold a charge, then they also have a corresponding electrical and magnetic field all be it a very minute one. This being so, would there be an energy transfer centred along a Poynting vector[2] through the path of the nervous system? This would bare further investigation. 
[bookmark: _Toc102048401]The objectives
The research project is divided into several phases. The first phase is to build the electronic circuit using the observed characteristics of biological tissue as a baseline specification.  The circuit will also have to function in line with the model of the perceptron first outlined in the 1970’s. This is a well tested model and would form a reliable functional standard for comparison with digitally based systems in use. 
The second phase is to test the circuit for functional limits such as frequency response, charge dissipation characteristics and power consumption. The results from these tests will be used to tune the circuit to operate within the ranges defined by its biological counterparts. 
The third phase is to use the data from phase two and extrapolate the results for larger multi unit networks. This will set a theoretical result framework that will be used to compare the results from an actual expanded circuit build. The results will then be analysed to show the variations from the predictions and indicate where the model needs to be refined.
Using the results, they can be used in a comparison against existing hardware systems as a validation for the low power design and as a proof of concept for a pulse/charge state model for neural net architecture.
[bookmark: _Toc102048402]Expectations
With the work undertaken, it is expected that the results will fall inline with the requirements of the initial presumptions. This is based on the design and operation of the circuit to closely correspond with the initial parameters of the project specification.
If the design parameters are correct, the final functioning circuit should have performed in the same fashion as a biological system and from a technological point of view, the reduced component count and simple design would make the circuit a better functional element for an analogue neural net computation system.
Since the development of semiconductors and the rise of digital technology, the emphasis on the digital approach dominates current thinking in the arena of machine learning and neutral net technology.  The accuracy offered by binary computation allows for empirical values to be applied to the operations of state machines and neural nets and it is here that a key aspect of this form of computation seems to have been overlooked in the rush to create more powerful calculus engines and numeric automata.  What is referred to here is that this form of calculation like the real world is essentially fuzzy in nature. The values in loss calculation functions and error calculations have no finite values rather they are valued by a degree differential from a nominal value.  These calculations do not require a precise numeric value and the use of digital technology in these functional operations can be considered as being mis applied and adding excessive complication which reduces the reliability of the hardware and the system. The use of the older analogue technology can operate with nearly the same accuracy as a conventional digital system and would do so with reduced power consumption and with greater reliability.  This approach is best exemplified in two papers co authored by Professor Bernd Ullman entitled “Analog Computing for Molecular Dynamics”[3] and “About using analog computers in today’s largest computational challenges”[4]which discuss in mathematical terms the efficiency of this form of computation. The fact that modern neural nets use digital elements such as Field Programmable Gate Arrays (FPGA) and Application-Specific Integrated Circuit (ASIC) chips tend to dominate the technology and underlines the mono maniacal use of these devices that use more power, are more prone to failure because of the complexity of the devices and are more expensive in computation time and manufacturing cost. The adoption of simpler analog technology can provide a more efficient and scalable option for this area of computation.
Finally, it would show that nerves can function without any direct current flow between synaptic junctions and that change in action potentials are triggered in part by capacitive charge state change rather than chemical reaction only. The implication being that ionic and neurochemical interactions operate in the same way as a spark plug does in an internal combustion engine with the capacitive charge taking the part of the fuel/air mix. A caveat here is that the initial premise for the project is based on an unsubstantiated observation however, the fact that the observation may not be correct, does not preclude the operating principle devised as being invalid.
[bookmark: _Toc102048403]Reasons for doing the research – Why its significant
The undertaking of the project has several exploratory goals. The first of these goals is to investigate the application of biological principles in the design of neural network systems. Today’s modern technological systems overall do not operate along the lines of natural systems. Being mainly chemical by nature, sensory and control mechanisms operate by the transmission of chemical transmitters i.e., acetylcholine and auxins whereas human tech leans to electrical/electronic solutions that use solenoids and motors as opposed to muscles and hydrostatic structures. For the average person, human design is far superior to that of the biological world. There is one fact that tends to be ignored when making such judgement and that is time.  A large proportion if today’s technology has only been around for the last two hundred years. The mechanisms of nature have been evolved and improved approximately over the last two hundred and fifty years. The evolutionary process is in action an intolerant process with poorly performing genes being rapidly replaced by genes that display advantageous characteristics such as efficiency and economy in action. Human designed tech also uses evolutionary principles but with a less strict scope of action. The result is that it is less power efficient and wasteful of resources. It stands therefor that a closer observation of how nature has evolved would point the way to designing more efficient and economical technology.  In terms of the project, using a design that mimics neural activity in method and operation could indicate a more energy efficient method of designing neural net systems that can operate as well as current designs without excessive heat generation and power consumption. This evaluation would also throw light on alternate ways of constructing and operating neural nets that no ideal solution based on current design philosophies. However, this is beyond the scope of the project currently.
The second goal of the project is fundamentally the reverse of the prime objective. That is to use the results of the experimentation to throw light on the operation and methodology of biological systems. An example of this was the enigma of the bumble bee[5]. For many years, scientists were puzzled by the method with which the humble bumblebee flew. The apparent wing size was too small to carry such a large body mass and the equations used to calculate the lift to mass ratio of lifting surfaces reported that there was insufficient lift available[6]. The solution was discovered with the experimentation with the problem of wing vortices.  Vortices occur where two airflows meet at different velocities. When they meet the air starts to rotate, generating a low-pressure zone in the centre of the vortices that disrupt air flow at the wing tips and create instability of control. The biologists studying the flight of bees were thinking in terms of human designed lifting surfaces and related design methods. Only with the experimentation of vorticed air flows did they realise that the be did not fly with there wings but used them to create a large vortex above the bee that generated a large low-pressure zone. In combination with the large surface area of the body and the pressure differential between the top and bottom of the bee the resulting forces effectively blew the bee upwards into the air. 
By developing and experimenting with new circuit design and principles, a further understanding of the biological principles could be gained and thereby opening new avenues of investigation to enable better and more energy efficient designs to be created and implemented. By its nature this project is very simple and basic however the adage about little acorns should be remembered.
The third reason for undertaking the research is to review and revise the currently understood facts to validate their voracity. It is a common phenomenon in the scientific community to take commonly understood facts as true. This is especially so in the fields of physics and archaeology where the interpretation of papers and articles are misunderstood by ley persons with the effect that opinions and facts are switched and consecutive reports and reprints by these people are taken as fact by the scientific community[7] as they are much cited. A good example of this phenomenon is the case of the Piltdown man[7]. It is the diligence and discipline of the true scientist that these ‘facts’ are regularly checked and revalidated in the light of newer knowledge and understanding. The constant review of the factual basis of investigation benefits the community as errors of understanding are eliminated and new avenues of insight are discovered because the erroneous misunderstandings that distort the path of logic that leads to these new insights are removed. As can be seen form the bibliography, the range and variety of accessed knowledge for this project does require further verification if the conjecture formulated is to be transfigured into a proper theory.
Finally, the last reason for the research is the one that is the eternal curse of scientists, engineers, and academics and that is curiosity. The near obsessive need to discover new things, explain the unknown and to find the answer to the question “what if? “, drive all within these fields of endeavour.  It is paradoxical that in satisfying our curiosity and expanding the body of knowledge and understanding we are also expanding the limits of our ignorance. This is best summed up by this quote: -
“I am the wisest man alive, for I know one thing, and that is that I know nothing.”
-Socrates[8]

Structure – sequence of chapters
[bookmark: _Toc102048404]Background/literature review
The research presented has its origins in the work undertaken by the author to understand the current state of neurology and psychology as part of an investigation into the nature and evolution of consciousness with a view to developing a framework for an artificial consciousness engine. As part of the investigation, the methodology used would be to start from the very basics of the subject and by a process of deduction backed up by confirmation from existing research, a model of evolutionary development for consciousness and intelligence could be acquired and then used to build a roadmap for the construction of a true A.I. 
The research also included a study of the structure and function of nerve axons. Many research papers reviewed concentrated on specific features and characteristics of the nervous system which were too detailed to be of any help in gaining a general understanding. A more useful source was a number or articles by Carly Vandergriendt[9] on the structure and form of neurons. These articles covered the different forms and structures of nerves, the component organelles, and functions.  They did not cover the internal structure in any detail. The knowledge about the internal structure was best explained by a Book by Kutter and Butz[10] entitled’ How the Mind Comes into Being’. The chapter titled “Brain Basics from a Computational Perspective” gives details about the operation of synaptic junctions, action potential values and charge generation via Na-K molecular ion pumps. 
A more technical explanation of action potential was provided by Michael Grider [11]in his book ‘Physiology, Action Potential’ which discusses the function of ion transfer between the lipid membranes that form the outer part of the nerve axion and how the electrical charge values change on excitation of the nerve. This would form part of the reasoning for the research. Another factor is the lack of clarity in how exactly nerve conduction works.  In his book ‘The war of the soups and the sparks’ the discovery of neurotransmitters and the dispute over how nerves communicate’ E. S. Valenstein indicates that there is no precise definition on how nerves communicate. The book poses arguments for both electrical and chemical transmitter activity at synaptic junctions with each camp arguing the virtue of their belief with equal alacrity and review of many literature resources since the publication of the book does seem to be clouded with that difference of opinion.  
The nature of this confusion stems from the methods used to probe and analyse the operation of nerves. Early examinations were done invitro where nerves were excised and tested externally to the donor. This method was found to be inadequate as the tissue soon ceased to function and died shortly after excision. It was also problematical as the tissue did not operate normally as the usual stimulation that was present in a living organism was absent. From the late nineteen sixties, the techniques used changed to an in vivo basis where the nerve tissue was examined in place in the test subject. The problems found with in vitro testing were solved but this approach presented new problems. With in vivo testing the first obstacle is the fact that nerves are extremely small and delicate and are often found bundled together. When electrical probes are used, the signal from a targeted neuron is often masked by the signals from neighbouring neurons. This lowers the effective data resolution and can hide or overwrite more sophisticated signal structures. The precise determination of firing rates for nerves is affected by this problem as well. Having researched many sources, a definitive range of values from quiescent to full activation has not been determined. The values range from around five Hz up to 1.5 GHz depending on the source. It is suspected tat this disparity may well be attributed to poor measuring technique, or the hardware limitations of the equipment used. In context of the project, a range between 3Hz and 1KHz is assumed to be near the natural range of frequencies. The basis of this assumption is that ordinary nerves are physical unable to maintain very high frequency rates on a continuous rate. The sodium-potassium ion transfer system in the outer lipid membrane can only operate while glycogen levels remain high in the cell. The rate of membrane charging being limited by the capacity at which the ions can be transferred, this rate will fall if glycogen replenishment diminishes. The lower limit of three hertz is an arbitrary value chosen because nerves do fire without stimulus during observations especially when the tissue is starved of nutrients or is dying. The choice is also backed up using more modern methods such as voltage imaging[12][13] and nano scale electrical probes[14] that have improved data resolution capability in dense tissue areas such as the neocortex. The results from these probes naturally lend them selves to more accurate recording of individual neurons.
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Figure 1
One potential area of confusion is the use of voltage for measurements.  For those with a non physics background, the use of voltage in connection to neural activity tends to imply the presence of an electrical current whereas in fact the voltage is a measurement of electrical potential within the neuron and indicates the charge level of the cell, not a current flow. It has been noted that there is a electrical component in some synapses (nerve connections) but the transfer of charges do not meet the same levels of the action potential charge.
It is the paper entitled ‘Structure, Distribution, and Function of Neuronal/Synaptic Spinules and Related Invaginating Projections’ [1] which inspired the project.  The lack of clarity in relation to the transmission method and the evidence of electrical phenomena within nerve cells remained paradoxical until the image in figure 2 was observed.
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Figure 2
The image is from a hippocampal cell culture and shows a synaptic junction with a pronounced somatic intrusion on the junction proper. This raised the question: what is the function of this structure? If the connection is chemical in nature, the expanded surface area would not offer any advantage as the area of effect is essentially the same along the long axis. Likewise, if the connection is electrical, the same depolarisation trigger would work on a small area as well as a large area therefor a larger surface offers no advantage. There is one condition where a large area would be an advantage. As the membrane is ionically charged by ion pumps within the lipid membrane structure, the junction would become capacitively charged.  It then follows that if the cell membranes operate the same way as a capacitor’s plates the depolarisation of one plate would trigger a depolarisation in the other. The result is that a signal would be passed across the junction fast, without any electrical transfer between cells. It would also infer that the charge on the membranes would vary according to the state of connected axions. If the membrane has a triggering threshold, the action potential could be triggered or inhibited by the charge state of the connected nerves. This would still mean that the neuron could still be triggered by neurotransmitters, but a capacitive trigger would provide a fast reaction path of neural signal propagation for bodily control functions such as conditioned reflexes or cognitive processing.
As mentioned at the beginning of this paper, attention was drawn be the photograph from Petralia et al[1]. The paper is self details the presence of many structures discovered in the synaptic membranes of both primitive and more evolved animals including the higher primates. It describes the presence of spike like structure that are buried(invagination) within other cells and are conjectured to be specialised for specific local control at the chemical level. These spinules as they are called are thought to have evolved at an age before the development of nerve tissue as they are found in a range of oceanic species that include jellyfish, ctenophores, corals, and hydra to name a few. These species have over time, developed primitive communication fibres and tubules which seem to signify a possible path for the development of neural tissue in higher lifeforms. In higher lifeforms, the presence of spinules would seem to be a hangover from earlier evolved forms and are found through out the nervous system. 
The content of the paper deals with the potential functions of the structures and their place in the evolutionary process and for a technologist would appear to be highly specialised. However, the assumption that these spinules, which are around 200umeters in size, have a local control effect based on chemical transfer might have an alternate explanation. The papers authors think that he enlarged surface area provides a greater active surface for chemical transmitters. While this idea does have a degree of feasibility for lower lifeforms, in higher lifeforms, the use of a chemically based signal is regarded as being too slow. As the same lifeforms have an electro-chemical-based nerve system, it is not beyond reason that the invaginations may develop an ion exchange system as an extension of the nerve membrane and would enable a larger charge to ne held by the neuron. The larger area would facilitate a more rapid depolarisation of the action potential and if charge coupling is the transmission system of the nerve, then the result would be a faster reacting nervous system which is an evolutionary advantageous feature.
At the start of this paper a statement of intention was declared. It stated that an investigation of the application of biological principles would be explored with reference to improving neural net systems. To aid understanding, an explanation of the structure and operation of neural net technology would be required. The origin of modern neural networks, deep learning and machine intelligence can be found in McCulloch and Pitts paper "A Logical Calculus of Ideas Immanent in Nervous Activity”[15]” which was published in 1943. The paper set out a computational model for a nerve network based on mathematical functionality in threshold logic.  This paper triggered wide research mainly in the areas of biology and in computation and it is in this last line of research that the next development can be found.  Based on the paper, researchers such as Farley and Clark[16], [17] developed Hebbian Calculators to simulate a Hebbian network as laid out by D.O. Hebb in the 1949[18]. Other work was performed by Rochester, Holland, Habit and Duda in 1956 which created other variations of neural machines. 
In 1959, using the principles of threshold logic Frank Rosenblatt developed the functional model for the Perceptron. The development of this technology served to clarify the thinking about neural computation and set the blueprint for the future of neural net implementations. The functional composition of a perceptron[19] breaks down into three sections. The first section is the net input function. This function serves to gather inputs from the previous layer of the net and then apply weightings for the inputs to define a threshold trigger level for the inputs. When the inputs are adjusted the result moves to the second section which is the activation function. The activation function serves to manage the output as a Boolean value as determined by a step rule where a sum of the weighting values is checked to see if they exceed the threshold which is typically zero although this value can be adjusted by the system. The function also serves to provide feedback to the input stage where the values of the initial weighting are modified according to error cost value of the learning algorithm.   To clarify, if the cost value is low, the change to the weights is small and conversely, the change is high where the cost value is high indicating that the delivered value is further from the optimal value. The direction of the change being determined by the polarisation of the summed value. The final section is the output function which can be either a sigmoid modifier or a Rel U (Rectifier Linear Unit) function.  The purpose of this last section is to regularise the output to remain within designated system limits.
Perceptron’s are undoubtedly a key feature of todays neural net architecture. There is another equally important device. This device is the memristor. Originally conceived in 1971 by Leon Chua[20] as the fourth two terminal circuit element that controlled current, voltage, charge and in the case of the memristor, flux. These four forms of control are the main variables in circuit design. However, this theoretical element remained an idea until it was given form by Richard Williams[21] of Hewlett Packard[22] In operation, the memristor operates like a voltage controlled variable resistor (varistor) but with the capability to remember its last previous charge state after the removal of power. This makes it a non-volatile storage device which can hold the memorised information almost indefinitely. This characteristic is the result of Richard William’s teams work to develop a switching system to route and control a cross-bus bar switch matrix as part of an integrated circuit. A system that has many applications for circuit routing in FPGA chips and in the case of neural nets, programable node routing architectures. This use of the memristor is its original intended purpose but since it’s invention there has been a degree of ambiguity concerning its other uses.  Therefore, some disambiguation needs to be applied. Since the introduction of semiconductors in the early 70’s the use of digital technology has led to a degree misinterpretation in the use of electronics. In the case of the memristor, the mention of memory in the minds of many today relates to the use of random-access memory and not that of charge state. This failing has been discussed by Dr Daniel Dennet in his lecture “If brains are computers, who designs the software?” [23] and highlights the rise of miscomprehension by the portion of the science community with no experience of analog computing technology of the earliest twentieth century. The result is that memristors are being proposed as storage devices for numeric data within systems or in situ, weighting input values in an analog processing element. The first problem with this kind of thinking is that memristors are slow in operation and do not retrieve data nearly as fast as DRAM or SRAM memory[24]. It is not as useful with analog systems. This is because the values stored within the memristor are nonlinear and prone to drift within an active circuit. Here again, the speed of operation is too slow for accurate computation on voltage or current based circuits.  When used in arrays, the memristor can store bit data as a preliminary to shut down.
To round off the section on background information, an examination of the application of neural net architecture in modern computing would be appropriate. The example chosen for this examination is Tesla’s DOJO architecture computer system. Announced in 2021[25][26] as an A.I. training system for the company’s electric vehicles to enable driverless navigation. Examination of the released literature shows a large degree of innovation in fabrication technique and data management and transport infrastructure design. However, the keen-eyed observer would spot the fact that the released figures for performance do not add up. It would seem that the company’s public relations and marketing team are better at creating spin rather then basic math. Calculation Errors aside, the computers design architecture[27] is quite impressive with a highly reliable and responsive data bus system capable of transmitting four terabits per second from the edge of a D1 chip matrix measuring 20 interfaces per side (80 total). What is more interesting is that the computer has a thermal design power (TDP) of 400watts. This is the value that describes the total amount of heat that the computer’s cooling system must handle.  A typical PC processor has a TDP between 65 and 80 Watts of power so four hundred watts shows a significant efficiency saving by use of the is design. With reference to the project, the interesting part is how much of this waste heat is generated by the D1 neural net processing chips? One article[28] indicated the D1 chip is fabricated with 50 billion transistors. As pointed out[29] by Professor Phil Moriarty of Nottingham University, a lot of heat is generated when energy states are changed to a ground state and by extension, the more devices that change charge state within a processor will proportionally generate greater heat. The processor is a digital design and used binary technology as its operating principle. The result is that a great deal of the generated heat is generated from the chip itself. The use of analog techniques for computation has several advantages. First the lower component count and fewer switching devices reduce power consumption[4], [30] by using a variable charge state rather than grounding electrical signals. It this principle that the project will investigate. The use of capacitor circuits to modify charge levels within a basic network circuit that can act as a perceptron can be used to measure energy usage, speed, and timing. The problems with silicon fabrication that approach the quantum limit at the atomic level can be eliminated by using twelve or fourteen nanometre fabrication using analog componentry instead of transistor-based switching design.
[bookmark: _Toc102048405]Research Problem
It is said that there are no problems, only solutions looking for an application. In this section, the projects solution will be examined. To set the stage, the project objectives is to used knowledge of biological control and computation systems and apply it to semiconductor-based systems. The solution to be found here is to find a way of converting the operational characteristics of one system into another totally distinct and foreign technological system. An example is this is that biological systems run on chemical energy and processes and the other more primitive system uses electrical energy and electromagnetic processes. To solve this technological disparity, the application of a little logic is required. The solution here would be to apply two general problem-solving principles to the known facts. The first principle is to atomicity to each system to decompose the detail of each system to a single basic fact. The second principle would be to apply symmetry to the results applied in the first principle. The solution found on application to this project is as follows:
1. Both systems use energy.
2. Both systems display electrical characteristics
3. Both systems are capable of operating with different charge states with varying rates and timings.
Using these three points of similarity its was determined that both systems can define energy usage in joules, other measurements can be quantised as volts and coulombs (charge as V*C) and be able to utilise modulation in the form of spike/short asymmetric triangular wave forms as a transmission method.  By using these parameters, it would now be easy to apply the characteristics of biological operation to a basic electrical mechanism the design of which is the subject of the next section. 
The essential facts having been determined, a look at the operating principles would through further light on understanding the systems used. As indicated, biological systems are based on a chemical technology. This may seem an odd statement, but this is an artifact of older scientific understanding. To clarify, the use of molecules in the operation of a biological system can be though of as element in an engine much like the cog wheel in a clock. The engine in this case being the axon within a nervous system and in a technological context can be related to easily. The use of electrically based functions in the biological realm is rare with the electric eel and the electric ray being the notable exceptions. The sensitivity of the chemically controlled processes in an organism to electrical current is very high. The passing of even a modest current through an organism is highly disruptive and with a high enough charge, fatal. The use of less lethal Taser™ technology in military and police applications proving the point. Yet nerve measurements indicate the presence of a volage around the nerves under test. How can this be? The answer lies in the fact that ions which are atoms stripped of their outer shell of electrons can be created and transported through the cell structure. The ions having a negative charged state create a voltage differential within the cell that can be detected. It is this voltage differential between sodium and potassium ions that forms the action potential of the nerve cell.  It is the action potential of the cell that forms the signalling mechanism of the nerve and at no stage is an electrical current generated. It stands to reason that nerve conduction is based on the altering of charge states within the cell. It is this understanding that forms the basis of the project. 
Electrical systems are predicated to the principle of electron flow through a conductor and compared to biological systems are simple and unsophisticated. The physics of the systems show that there are four variable characteristics that govern the design of circuits based on electron flow. These are Potential(voltage), Charge (capacitance / inductance), Flow (amperage) and Flux (NM2/C - newton metres squared per coulomb) all of which are interactive and are mutually interdependent. Using materials to control these values is the basis of modern semiconductor design and application.  As it has been determined that charge state is the operating principle for biological control systems, it would be appropriate to base an electrical circuit on the same principle using capacitors or inductors as the key operating element. As its is nearly impossible[31], [32] to manufacture inductors with doped silicon, capacitors would be the only choice.
Before discussion of design principles an understanding of the underlying principle on which this experiment is based needs to be shown. This was achieved by the construction of a small demonstration circuit which consists of two voltage dividers with a connecting capacitor and L.E.D. and a current limiting resistor for the L.E.D. Additionally, a push button switch added to the left-hand voltage divider which when depressed would short out the lower resistor changing the voltage level on that side of the circuit. The result being the charge balance on the plates of the capacitor would become unbalanced with one side holding a low charge and the other higher accordingly. When the switch was released the voltage levels on both sides of the circuit equalised and the capacitor would then discharge the excess charge through the L.E.D. illuminating it. Although the circuit is operated from a single supply the charge on the capacitor plates is individual to that side of the circuit. 
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Figure 3
The operation of the switch would prove that by changing the charge state on one side of the capacitor, a corresponding higher charge differential will be built up and discharged on release of the button. The purpose the led is as an indicator showing the discharge of the excess charge. On another circuit the discharge could be an activation current for a relay or other current dependent device. This circuit design is in shown in figure 3. 
With the basic principle being shown in the initial circuit the design of the main circuit can be considered. with a conventional electronic circuit, the use of voltage and current is used to operate components to achieve a desired result a typical example of this application would be the use of transistors in an amplifier as the circuit is do designed to emulate biological circuits, a change of thinking is required since the days of Galen it was understood that nerves transmit signals. Later experimentation proved that there is an electrical component involved in nerve conduction however, unlike conventional electrical circuits, there did not appear to be any direct current flow. experimentation with early volta piles did indicate set a direct current can stimulate nerves and muscles on living tissue but did not prove that the operation of the nerves was purely electrical in nature latter investigations showed chemical interactions at the junctions of nerves and those fibres in areas known as synapses. chemicals known as neurotransmitters such as acetylcholine are shown to transmit signals across the gaps and trigger an action potential across the surface of the nerve. it was initially not understood how action potential worked, however in time, biochemists discovered that an electrical charge was built up in the surrounding membrane of nerves by the transport of sodium and potassium ions across the membrane the result is the creation a slight negative charge on the surface of the nerve which depolarise is on interaction with a synapse that has been activated. The effect of this indicated that nerves operate on a pulsed electrical charge for the transmission of a signal. 
The experimental circuit would use the principle of capacitive charge in combination with pulsed electrical signals as its main method of operation. Research into the properties of neural signal propagation indicates that the pulses are very short in duration and have charge levels ranging from -1 millivolt and up to 1.5 millivolts. Because of the nature of semiconductors, circuit noise and other factors that would distort the signal and require that the circuit operate at higher voltages and currents to the order of one to two magnitudes higher. It is also assumed that semi conductor circuitry operates at a much faster speed than biological circuits. Therefore, additional components will be added to the circuit to extend the duration of the signal by approximately 200 to 300 percent. this would allow the circuit to operate more in line with the biological model on which this circuit is based.
To help in the design of the circuit, a design tool called Micro-Cap 12 was used. This is a professional circuit design software that has recently been released on an open licence. Previously this software was a proprietary design tool and incorporates a great many features used in the design and fabrication of sophisticated electronic and digital circuits. For the needs of the experiment the use of the circuit design tool was limited to the transient analysis and reporting features. The use of this tool will continue after this project and with suitable investigation could be a valuable research and development tool for electronic design and implementation. The choice of this tool was based on the sophistication of the analysis software and more importantly the ease of creation and modification of circuit layouts makes the design and adjustment to circuitry layout's very easy and very intuitive. It also has the added advantage of not incorporating the errors found in Microsoft Visio. the circuit diagrams and other figures used in this document were taken from screenshots of this software.
As the perceptron model is being used as the starting point for the circuit, the design is split into three parts. These parts correspond to the input circuits, the capacitive trigger circuit and the third is the baseline voltage regulator. The inputs are essentially the same with a basic RC circuit that is purposed to deliver input signals at a steady and constant rate. The duration of the transmission will vary dependant on the rate of signal reception like a mark-space signal encoding. Of the inputs there are three types. These are trigger, inhibit and bias. The trigger and inhibit are directly related to processing raw signal data and may have up to nine connections from other synapses. The bias input allows the circuit threshold level to be tuned. Its purpose is to raise the voltage of the trigger circuit capacitor over that set by the regulator circuit. Without a constant signal input, the drain resistor of the regulator will lower the voltage level at the capacitor to around 2.5volts, two volts lower than the trigger threshold. The processing inputs take signals from other nodes in the network and either raise or lower the capacitors voltage level deepening on their function.
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The trigger input has the purpose of increasing the voltage level of the capacitor and is connected to the positive side of the trigger circuit.  The inhibit input likewise lowers the voltage in the trigger circuit. By connecting this input to the negative side of the trigger, any positive charge delivered will alter the charge on the negative plate thus forcing the positive plate charge to dissipate via the regulator drain resistor (R16 in the diagram) and would act to inhibit the trigger circuit from firing in the presence of trigger circuit signals.  The rate for firing thus being a proportional balance between the two processing inputs and the presence or adjustment values provided by the bias input.
The trigger circuit is very simple in design using a capacitor and two diodes one of which is of the Zenner type. The capacitors’ role is to act as the activation function of the node.  In standby condition, the voltage at the positive plate of the capacitor would be around 2.5 volts which is the systems virtual zero voltage level. This allows the capacitor to hold a voltage at a lower level than the zero-volt level which would be a negative value compared to the reference (zero) voltage. For the circuit to be triggered, the voltage held by the capacitor will have to exceed the threshold voltage which is determined by the Zenner diode (D4) at 4.7 volt. This is achieved by the trigger input which passes extra voltage in the form of a pulse charge to the positive plate and thus raising the stored charge and increasing the voltage.  The charge will be constant however as the voltage regulator circuit, which is the third circuit, will reduce the stored charge by draining the excess held in the capacitor to the 2.5V level over time. If the trigger circuit receives sufficient signals to raise the held charge faster than it can be drained, the 4.7V level will be passed and the Zenner diode will undergo an avalanche break down and short the stored charge to the output of the circuit. In doing so the voltage at the capacitor would reach its ground state and would then start to recharge either from the regulator circuit or from the trigger input circuit. To prevent interference to the trigger circuit from the output connection of the circuit, a diode (D2) is positioned on the output to prevent current flow into the circuit.  Diodes do have a characteristic which allows a very small flow of charge in opposition to the “forward bias” of the device. This means that the diode can interact to charge the capacitor from the “reverse bias” of the component, but the value is small enough to be negligible. 
The regulator circuit has been kept very simple being a two-resistor voltage divider. A more advanced regulator circuit could have been used however, the design criteria have a goal of keeping the circuit simple with a minimum component count. This would also remove any transistors in the design which is a cause of charge grounding that can increase power consumption of the design. The values for the resistors will have to be chosen carefully as it must allow excess charge to be removed from the capacitors junction at a rate that allows for a charge build up when input frequency exceeds the base line limit but provide a fast drain when input is below the base line to avoid interference of the activation function in the trigger circuit. These values will have to be discovered by experimentation with the resistor values in the design. This last requirement is subject to time being available in the project schedule.
As the circuit design is experimental in nature, a breadboard construction system was used.  This system consists of a polymer matrix board with embedded metallic clips designed to contact inserted leads which would allow rapid insertion end extraction of components as circuits are altered or modified.  This removes the need for soldered connections which is time consuming and would require the removal of solder from the leads. The prototyping board layout consists of a central area with sixty rows of insertion points spaced at 0.1 centimetres. Each row consists to two blocks of five connectors with a central ‘gutter’ which serves as an isolation area for Dual In Line (DIL) chips that can be inserted across the gap. This will allow the construction of circuits that are complex but have the minimum of discrete components. The board also have two power busses that run along either side of the board and have a split in the middle that would provide the ability to have dual voltage power supplies. The prototyping system also used 22swg link wires which minimised wiring errors as the layout was easy to follow and removed the ambiguity that birds nest wiring can cause.
The assembly of the circuit was straight forward. Using a regulated power supply module from an Arduino experimentation kit and powered from a nine-volt pp3 battery, the components were assembled and inserted into the prototyping board with wire links being used to join the components together and to provide test points for the oscilloscope for use in the data collection phase.
The initial circuit design can be seen in figure XX and the component values can be found in table YY. Photographs of the assembled circuit can be found in the appendices.
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With the circuit design devised and assembled, the next phase is that of data collection.  The data collected will confirm the validity or the exception of the experiment’s hypothesis.  This is where the selection and characteristics of the measuring instruments is crucially important. Various factors come into play at this stage. Cost, availability, budget, and feature availability are the main initial selection criteria. However, project factors cam modifies the selection criteria. For this experiment, time and budget were the main limitations with a time limit of five weeks and a budget of two hundred pounds the choice of equipment is reduced. The measurement criteria chosen is also relaxed. Typically, an error margin of five percent deviation is used but, as the nature of the circuit design is experimental and subject to refinement and development a ten percent margin has been chosen instead. The choice being made is based on the maximum tolerance values of the experiment’s components and the circuitry of the test equipment and in this way the maximum variance values can be quantified and compensated for in the final analysis. The increased margin of error has the additional effect of allowing a less sophisticated choice of test equipment. Based on the test requirements, it was decided to use a combination oscilloscope and spectrum analyser for the bulk of the results with a good digital multi meter for spot and cross checks to confirm readings from the main test equipment and to detect variances caused by circuit temperature, voltage overload and related factors. The multi meter used is a trusty Rapidtest brand model that has proven reliable and accurate over the nine years of use.  The choice of analyser/scope was a little more involved. The initial choice was to use a bench top model oscilloscope for the experiment.  How ever the range of scopes with spectrum analysis features were also out of the defined budget. These scopes were also limited in the ability to report data as the supplied applications were insufficient for the task.  The solution chosen was to use a PC based USB test system which has the required hardware capabilities and as the digital processing is performed on the host PC, has the software tat enables more exact reporting and the ability to save snapshots and runtime data. Research of the available options on the manufacturer websites and hobbyist YouTube channels identified two suitable vendors which were Pico and Hantek the latter of which provided the final selection.
The test equipment chosen was the Hantek 6022BL which has two high impedance probe inputs and a sixteen-channel spectrum analyser subsystem with supporting software.  
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Figure 4 Hantek 6022BL
The first phase of testing was to acquire the operation data for the circuit. The parameters would be timing response, frequency response and charge dissipation. The purpose for using these parameters is generate a profile for how the circuit behaves over time, how fast the circuit can respond to changes of input and how the circuit utilises the energy received over a varying range of inputs in both number and operating speeds. This data would then be compared to the known characteristics of nerve cells to validate that the circuit is comparable to its biological counterpart.
Phase two expands on the data collection in phase one. As explained in the circuit description, the trigger circuit relies on the charge state of a capacitor and in a quiescent state the charge state is stable and is subject to minimal variation. The state of charge when it receives input will alter the circuits response. Where the rate increases, the dissipation of the stored charge in the input area of the synapse reduces and this will affect the response timing of the trigger circuit, moving the circuits operation from pulse based to a constant wave mode of operation. The measurement of charge levels over a range of frequencies will enable the creation of an energy consumption curve as a function of charge over frequency per second. This would make a correlation calculation easier as the energy processes between biological and electronic systems are dissimilar and require a common metric/framework to obtain a more equitable result value.
The third phase of testing would be the collection of frequency data. This covers metrics for the operating range of input frequencies, the recording of the mark/space ration of the output under a range of input conditions and thresholds for activation, output overflow and peak reaction times. This data combined with the data from the previous phases of collection would provide a model against which data from a regularised biological model could be compared.
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· -data sources
· -problem of metrics

· State biological parameters
· Max min voltage limits
· Firing rates
· Estimated energy use(calories)
· Fatigue limits
· State design parameters

· State result values and comparer to design and biological values
Create graphs for frequency range and response timings
Create energy utilisation/frequency graph
Create Graph for voltage levels over freq. range.
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There is no such thing as failure even if the project did not achieve it’s intended goals[33]. It could be said that this is an example of how not to run a project which is in many cases is the basis of learning.  The independent project is meant to showcase the knowledge and techniques learnt over the last three years and in this respect has not been shown because of the lack of data, insufficient preparation, and no defined methodology.  This is not surprising as the time available for the project was not six months but five weeks and to cram research, equipment acquisition, technical knowledge and ideation is a big ask. This having been said, an attempt was made, and this report is the result. Not a shining example of academic endeavour and scientific rigor but an example in the importance of communication. To elaborate, the original proposed project was abandoned because the task was too difficult to complete within the time set. Unable to complete the simulation task within the projects schedule, the progress was evaluated and a decision to abandon the project was made and the activation of this backup project proceed. This was the first error in communication occurred. Given the perceived lack of parameters for project adoption, an effort to define the purposes of the project should have been undertaken. Despite emails (unanswered) sent for advice on the choice of project, a decision was made based on the advice of ‘Do something that you are interested in’. This in hindsight was a bad choice. The basis of the chosen project was derived from a personal long-term project that had been undertaken before entering university. As it was a small part of a much larger project, it was assumed that it would be a simple process to undertake and document. The reality was much different.  The time pressure caused by assignment schedules, course reading, and research meant that the project was continually given low priority and this lack of attention affected the progress of the project itself. The result being that the expected simulation system was not ready by the time for data collection arrived and rather than continuing the flagellation a deceased equine, the project was dropped. Equally, advice should have been sought from the project supervisor on how to proceed at a much earlier stage in the project’s development but, being very self reliant and use to finding solutions unilaterally, the habit of asking for advice was not well ingrained. At this point, the discussion will continue in relation to this project.
The plan for this project was to demonstrate an understanding of the scientific process by creating an experiment, collect results and evaluate the results using the statistical methods learnt over the last three years. In this respect it has been partially successful. The experiment was built, it’s functioned explained, problems explained, and proposed answers forwarded. Despite delays in hardware acquisition, namely Amazon losing a key component delivery, the experimental component of the project was mostly completed. The method used to evaluate the results was also conceived and at the time of writing is being compiled into a formal process so that the disparate forms of data from the biological and physical realms can be rationalised into a formalised framework. With this framework, the collected data would be used to compare the circuits function with that of a biological analog, the later being regularised to minimise the variation found in different forms of neural tissue. Planned analysis would have consisted of correlation tests, deviation values for power consumption, timing, reaction, and frequency response. With the acquired analysis the data would then be summarised to confirm or refute the hypothesis that capacitive coupling could be used to create neural net systems using a biological model.
What was not completed was the important data collection process on which the project was created for. Put simply, time ran out. With no extension being granted, the deadline for report hand in arrived before data collection was finished and analysis could not be performed. The project will not end here. Work will continue as another personal project along with the agri-voltaics investigation, solar thermal collector design and the variable mass energy storage development. In the meantime, the project will continue with a view to showing some raw data and partial results for the final viva.
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Demonstration Circuit – Side View
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Circuit Specifications and Biological Values
Prototype Circuit Spec
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	Part ID
	Value
	Energy use in Joules/sec

	R1 - 3 Generic 10% Tolerance
	47 Ohm 
	0.5319j*

	R4 - 5 Generic 10% Tolerance
	10 Ohm
	.625j*

	C1 – C4 Electrolytic 16V
	220 micro farad
	0.00115j

	D1 1N4007
	50V 5W
	N/a

	D2 (part number unknown)
	Breakdown Voltage 4.7V
	N/a


· As a function of power dissipation
 Biological Values
Energy usage 8.31 x 10 -15J [34]
Transmission energy 5*10-15[35]
Lowest Fire Rate 3-6 Hz dependant on location in body.
Highest possible fire rate 200MHz, 125MHz used as a more reliable value[36] 
Operating speed 70-120m/sec
Fatigue time. 1-3 minutes with amplitude dropping to 13% of normal*[37]
 * Note: result of nonhuman tests. Value used as an approximation only.
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