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INTEGRATED CIRCUIT WITH A DYNAMICS-BASED RECONFIGURABLE LOGIC BLOCK

Government License Rights

[0001] This invention was made with government support under grant number
N00014-14-C-0033 awarded by the Office of Naval Research, and grant number 0014-14-C-
003 awarded by the Office of Naval Research. The government has certain rights to this
imvention.

Cross Reference to Related Applications

[0002] This disclosure claims the benefit of priority of U.S. provisional Application No.
62/380,891, titled “Integrated Circuit with a Dynamics-Based Reconfigurable Logic Block” and
filed on August 29, 2016, which is hereby incorporated in its entirety by this reference.

Technical Field
[0003] The present disclosure relates generally to improving the power and speed of
processing devices, and more particularly (although not necessarily exclusively), to an
integrated circuit design for a dynamics-based reconfigurable logic block.

Background

[0004] Despite the success of binary hardware and computers, there are specific areas
in which a binary computer can struggle to meet the demanded specifications and
requirements. A binary computer can include massive arrays of binary switches (e.g.,
transistors). The number of available transistors that can fit on a chip may be limited based
on the size of the transistors, but transistors are already available in submicron sizes. The
number of available transistors that can fit on a chip may be limited by the power
consumption and heat generated by the transistors. In some aspects, such as embedded
systems and mobile applications low power computation can be a major limiting factor.

Brief Description of the Drawings

[0005] FIG. 1 is a circuit diagram of a three-transistor circuit that exhibits complex
dynamics according to one aspect of the present disclosure.

[0006] FIG. 2 is a graph of an example of the output y of the circuit in FIG. 1 for values
of input values at parameter values according to one aspect of the present disclosure.

[0007] FIG. 3 is a schematic diagram of an example of the circuit in FIG. 1 with a

feedback loop according to one aspect of the present disclosure.
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[0008] FIG. 4 is a graph of an example of the value of x,,, ;versus x,, in the circuit in
FIG. 3 when V=0.8 V according to one aspect of the present disclosure.

[0009] FIG. 5 is a graph of an example of a simulated bifurcation of the circuit in FIG.
3 for different bifurcation parameter values according to one aspect of the present disclosure.
[0010] FIG. 6 is a schematic diagram of an example of the circuit in FIG. 3 with an input
for an initial condition according to one aspect of the present disclosure.

[0011] FIG. 7 is a graph of an depicting a number of functions observed as being
performed by the nonlinear circuit at each iteration in a semi-logarithmic scale for select bias
voltage values according to one aspect of the present disclosure.

[0012] FIG. 8 is a graph depicting examples of the computing exponent and the
Lyapunov exponent of the nonlinear circuit in FIG. 1 for different bias voltage values according
to one aspect of the present disclosure.

[0013] FIG. 9 is a block diagram of an example of a single nonlinear map circuit
(“NMC”) where its output is fed back through a buffer according to one aspect of the present
disclosure.

[0014] FIG. 10 is a block diagram of an example of two NMCs chained together
according to one aspect of the present disclosure.

[0015] FIG. 11 is a block diagram of an example of two NMCs with a third switch to
externally initialize two NMCs according to one aspect of the present disclosure.

[0016] FIG. 12 is a block diagram of an example of two NMCs with data inputs encoded
as the initial condition and two control inputs to program the block diagram to implement
different types of functions according to one aspect of the present disclosure.

[0017] FIG. 13 is a diagram depicting an example of three clock signals for driving the
block diagram in FIG. 12 according to one aspect of the present disclosure.

[0018] FIG. 14 is a circuit diagram of a nonlinear map circuit according to one aspect
of the present disclosure.

[0019] FIG. 15 is a graph depicting an example of outputs of the circuit in FIG. 12 for
different binary control inputs according to one aspect of the present disclosure.

[0020] FIG. 16 is a circuit diagram of an example of two of the circuits in FIG. 14

coupled together according to one aspect of the present disclosure.
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[0021] FIG. 17 is a block diagram of an analog to digital converter using two NMCs
according to one aspect of the present disclosure.

[0022] FIG. 18 is a schematic diagram of an example of multiple circuits being
dynamically coupled together to obtain a more robust to noise analog-to-digital conversion
according to one aspect of the present disclosure.

[0023] FIG. 19 is a block diagram of an example where the loop of NMCs is unrolled.
according to one aspect of the present disclosure.

[0024] FIG. 20 is a block diagram of an example in which a digital-to-analog converter
is used to convert the digital control bit to an analog value to be used as bifurcation parameter
by multiple NMCs according to one aspect of the present disclosure.

[0025] FIG. 21is a schematic diagram of an example in which multiple different analog
signals can be routed in the circuit according to one aspect of the present disclosure.

[0026] FIG. 22 is a schematic diagram of another example in which multiple different
analog signals can be routed in the circuit according to one aspect of the present disclosure.
[0027] FIG. 23 is a circuit diagram of an example in which four dynamics-based
computing circuits are coupled together according to one aspect of the present disclosure.
[0028] FIG. 24 is a screenshot of an example of an evolution of four noisy dynamics-
based logic block circuits when there is no coupling according to one aspect of the present
disclosure.

[0029] FIG. 25 is a screenshot of an example of an evolution of coupled dynamics-
based logic block circuits according to one aspect of the present disclosure.

[0030] FIG. 26 is a block diagram of a chaos computing logic block according to one
aspect of the present disclosure.

[0031] FIG. 27 is a circuit diagram of a chaotic oscillator according to one aspect of the
present disclosure.

[0032] FIG. 28 is a screenshot of an example of a time sequence of desired voltage
signals generated by the circuit in FIG. 27 according to one aspect of the present disclosure.
[0033] FIG. 29 is a screenshot of an example of a double scroll attractor based on the
circuit in FIG. 27 according to one aspect of the present disclosure.

[0034] FIG. 30 is a screenshot of another example of a double scroll attractor based

on the circuit in FIG. 27 according to one aspect of the present disclosure.
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[0035] FIG. 31 is a circuit diagram of an example of a voltage encoder according to
one aspect of the present disclosure.

[0036] FIG. 32 is a schematic diagram of an example of chaotic oscillator based
computing according to one aspect of the present disclosure.

[0037] FIG. 33 is a schematic diagram of an example of a multiple-column architecture
for nonlinear dynamics-based hardware according to one aspect of the present disclosure.
[0038] FIG. 34 is a schematic diagram of an example of a single-column architecture
for nonlinear dynamics-based hardware according to one aspect of the present disclosure.
[0039] FIG. 35 is a flowchart of an example of a process for training the architecture
in FIG. 34 to implement additional operations according to one aspect of the present
disclosure.

[0040] FIG. 36 is a graph depicting examples of fitness values of a programmed
architecture at different generations according to one aspect of the present disclosure.
[0041] FIG. 37 is a schematic diagram of an example of a multiple-column architecture
for implementing addition according to one aspect of the present disclosure.

[0042] FIG. 38 is a flowchart of an example of a process for converting source code
into instructions according to one aspect of the present disclosure.

[0043] FIG. 39 is a flow chart of an example of a process for converting software
instructions into control bits for reconfiguring the nonlinear hardware to implement the
instructions according to one aspect of the present disclosure.

[0044] FIG. 40 is a diagram of an example of an instruction signal according to one
aspect of the present disclosure.

[0045] FIG. 41 is a screenshot of an example of a graphical user interface for compiling
software to instructions for controlling a reconfigurable logic block according to one aspect
of the present disclosure.

[0046] FIG. 42 is a flowchart of an example of a process for compiling instructions for
a dynamics-based reconfigurable logic block according to one aspect of the present
disclosure.

[0047] FIG. 43 is a block diagram of an example of a computing device for using a

dynamics-based reconfigurable logic block according to one aspect of the present disclosure.
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[0048] FIG. 44 is a schematic diagram of an example of nonlinear chaotic circuits
coupled for use with stochastic computing according to one aspect of the present disclosure.
[0049] FIG. 45 is a table listing example two-input, one-output, combinational digital
functions that can be implemented by a dynamics-based logic block according to one aspect
of the present disclosure.

[0050] FIG. 46 is a table listing output from a dynamics-based logic block in response
to various control signal combinations according to one aspect of the present disclosure.
[0051] FIG. 47 is a table listing example two-input, one-output data for a NOT AND
logic according to one aspect of the present disclosure.

[0052] FIG. 48 is a table listing example two-input, one-output data for a OR logic
according to one aspect of the present disclosure.

[0053] FIG. 49 is a table listing example two-input, one-output data for a XOR logic
gate according to one aspect of the present disclosure.

[0054] FIG. 50 is a table listing example operands and outputs for an addition
operation according to one aspect of the present disclosure.

[0055] FIG. 51is a table listing an example instruction set obtained for a single column
architecture with four reconfigurable gates according to one aspect of the present disclosure.

Detailed Description

[0056] Certain aspects and features relate to an integrated circuit with a dynamics-
based reconfigurable logic block. A logic block can receive one or more inputs and output
one or more results based on a specific operation (e.g., an AND, XOR, or NAND) performed
on the inputs. A reconfigurable logic block can adjust the type of operation performed. A
dynamics-based reconfigurable logic block can perform different types of operations (e.g., a
signal processing operation, a logic operation, an arithmetic operation, or an analog-to-digital
conversion) based on a change in an initial controlling input or a change in parameters. The
reconfigurable logic block can include a dynamics-based nonlinear circuit that can perform an
infinite number of different operations.

[0057] In some aspects, the number of different operations that a nonlinear or chaotic
circuit can implement can exponentially increase the longer that a circuit processes the
input(or the more iterations that are performed by the circuit). The number of these

exponentially increasing operations a circuit can perform can be characterized with an
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exponent entitled “computing exponent.” The computing exponent can be determined
based on the dynamics of a circuit. A nonlinear, dynamics-based approach to computation
can allow for implementing extremely slim, low-power circuits that are capable of performing
many different types of operations or functions. In some examples, the input can include a
signal represented by current, voltage, charge, inductance, or any other electrical or
mechanical variable.

[0058] Moore’s law predicts that the density of transistors on an integrated circuit will
double every two years. The exponential growth in the number of transistors on an
integrated circuit has historically ensured that computer hardware can provide the
exponentially increasing performance anticipated by applications. Today, it has become
increasingly difficult to continually increase the density of transistors on an integrated circuit
at Moore’s predicted rate. One of the possible solutions to increase the performance of
computers without increasing the number of transistors is to get more out of the limited
available number of transistors, which is sometimes called “More Moore.”

[0059] A transistor circuit can perform reconfigurable digital computation, where the
nonlinear dynamics and the inherent complex behavior of the circuit are used for
reconfigurable computation. In some aspects, nonlinear dynamics can be exploited to
implement reconfigurable computations. The dynamics can be observed and considered as
a function, which can map the initial state of the dynamical system to future states. A
nonlinear dynamical system can exhibit different behaviors by changing the parameters of
the system, or by perturbing the initial state of the system. As a result, by properly changing
the parameters or perturbing the initial states of a nonlinear dynamical system, the dynamical
system can be programmed to implement a desired mapping and function. Furthermore, by
encoding the digital data inputs as an initial condition of the dynamical system, and decoding
digital outputs from the final state of the dynamical system, a digital function can be
implemented. By using techniques such as parameter changing or perturbing initial
conditions, the nonlinear dynamical system can be programmed to implement many different
digital operations.

[0060] In some examples, a simple nonlinear circuit can contain an infinite number of
different operations, and the circuit can be dynamically programmed to implement
essentially any logical function. As a result, a single circuit can be programmed to implement

different operations, rather than having different circuits implementing different operations.
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This can enable the possibility of obtaining a greater variety of computation from a fixed
number of transistors. The ability to perform more operations with a fixed number of
transistors may allow for Moore’s law to be upheld by gaining more computational power
and speed from the same size integrated circuit.

[0061] In some aspects, a dynamics-based nonlinear circuit can perform an infinite
number of different operations by adjusting an initialization signal or a number. Since a small
change to an initialization signal for a dynamics-based nonlinear circuit can result in significant
changes in the output of the dynamics-based nonlinear circuit, In some examples, the
different operations can include arithmetic computations, logical operations, and analog-to-
digital conversions. In additional or alternative examples, coupling the output of nonlinear
circuits in parallel can improve the accuracy of the operation by reducing the noise at the
output.

[0062] In some aspects, the dynamics-based nonlinear circuit can also be discrete. A
discrete circuit can provide a new output every clock cycle based on the value at the input of
the discrete circuit. A discrete dynamics-based nonlinear circuit can include a feedback loop
such that the output of the discrete dynamics-based nonlinear circuit is fed to the input of
the discrete dynamics-based nonlinear circuit every clock cycle. Each time the output of the
discrete dynamics-based nonlinear circuit is fed back to the input can be referred to as an
iteration. A linear increase in the number of iterations performed by the discrete dynamics-
based nonlinear circuit can result in an exponential increase in a number of operations that
can be performed by the discrete dynamics-based nonlinear circuit. A discrete dynamics-
based nonlinear circuit can perform a specific operation based on an initialization signal and
checking the output of the discrete dynamics-based nonlinear circuit after a specific number
of iterations.

[0063] In additional or alternative aspects, the dynamics-based nonlinear circuit can
be a continuous-time circuit. A continuous-time circuit can produce new outputs
continuously over time and without regard to the clock cycle. In some examples, a linear
increase in time can result in an exponential increase in a number of operations that can be
performed by the continuous-time dynamics-based nonlinear circuit. As a result, a

continuous-time dynamics-based nonlinear circuit can perform a specific operation based on
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an initialization signal and checking the output of the continuous-time dynamics-based
nonlinear circuit after a specific amount of time.

[0064] In some aspects, the dynamics-based nonlinear circuit can be part of a
dynamics-based logic block used by a computing system to perform complex operations. For
example, the dynamics-based logic block can be used by a computing system to perform a
signal processing operation, a logic operation, an arithmetic operation, or an analog-to-digital
conversion. The dynamics-based logic block can be controlled by a processing device
executing machine code. In some examples, a compiler can be designed for compiling
program instructions (e.g., a line of C++) into machine code. The processing device can
determine from the machine code a set of control signals to apply to the dynamics-based logic
block to reconfigure the dynamics-based logic block to execute a specific instruction.

[0065] The illustrative examples are given to introduce the reader to the general
subject matter discussed here and are not intended to limit the scope of the disclosed
concepts. The following sections describe various additional features and examples with
reference to the drawings in which like numerals indicate like elements, and directional
descriptions are used to describe the illustrative aspects but should not be used to limit the
present disclosure.

A Dynamics-Based Nonlinear Circuit can perform an Infinite Number of Different

Computations

[0066] In some aspects, a higher granularity of computation can be implemented and
realized within a transistor circuit. The nonlinear dynamics of the transistor circuits can be
used to implement digital functions. A circuit of three transistors can contain an extremely
large number of different combinational digital functions that can be extracted from the
circuit. A simple nonlinear system can produce complicated effects with universal features.
An infinite number of different functions can coexist within the nonlinear dynamics of a
nonlinear circuit.

[0067] FIG. 1 shows a three-transistor circuit 100 that exhibits complex dynamics
when its output is fed back to its input. In this example, the input, output, and control signals
are described as a voltages, but the signals can be represented by any type of electrical or
mechanical variables. The input voltage x is given to the circuit as the gate voltage of

transistors M1 and M3, and the output y is measured as the drain voltage of the transistor Ms.
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The bias voltage V. (which is the gate voltage of M3) functions as a parameter and changes
the response of the circuit 100. The outputs of the circuit 100 for different input values are
plotted in FIG. 2 when different values of V. are applied to the circuit 100.
[0068] The V shape output of the circuit 100, which is shown in the graph in FIG. 2,
has two regions: (1) the left region 210 with negative slope and (2) the right region 220 with
positive slope. When the input x for circuit 100 is less than the threshold voltage of transistor
M3, the output y of the circuit 100 is at Vpp. When the input x increases and becomes larger
than the threshold voltage of Ms, M; and M3 transistors operate as an inverter, and create
the left region 210 of the V shape output of the circuit 100. As the input x is increased, at
some point gate source voltage of M; becomes larger than the threshold voltage of M; and
M starts to turn on. The right region 220 of the V shape characteristics of the circuit 100 is
almost entirely defined and determined by the M1 transistor, which is acting as a source
follower.
[0069] From a mathematical point of view, the circuit 100 of FIG. 1 can be modeled as
y=fr.(x) (1)

where fi;, represents the parameterized mapping between the inputs and outputs. By
feeding the output of the circuit 100 back to its input, a dynamical system can be built such
that its dynamics is governed by:

Xn+1 = fv.(Xn) (2)
where the output of the circuit 100 is used as the next input of the circuit 100.
[0070] FIG. 3 depicts circuit 100 with a feedback loop 310. Feedbackloop 310 includes
two switches 312, 314 and a buffer 316. Two complementary clock signals, @, and ¢,, can
alternatively switch the two switches 312, 314 open and closed to feed the output back to
the input without creating any data hazard condition, such as write after read or read after
write. The Spectre® simulation results when the output is fed back to itself is in FIG. 4.
[0071] To obtain the plot in FIG. 4, the circuit simulation was run for 1000 iterations
of the map to ensure that the transient behavior had elapsed, and then the next 5000
iterations were recorded. In the simulation, V.=0.8V, where the nonlinear map is in chaotic
regime. The chaotic attractor of the chaotic system is depicted in FIG. 4.
[0072] The bias voltage V. can operate as a bifurcation parameter for the system of

FIG. 3. The simulated bifurcation diagram of the circuit is shown in FIG. 5.
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[0073] A dynamical system is a function that maps its initial condition to the future
states. The intrinsic, dynamics-based function can implement a digital function as well. The
digital data inputs as the initial condition of the dynamical system can be encoded, and the
output of the computation from a future state of the dynamical system can be decoded. In
some aspects, this is how the intrinsic dynamics implements digital computation.

[0074] Nonlinear dynamics can implement many different digital functions. Nonlinear
dynamics contains many different intrinsic behaviors, each representing a function. Since
each behavior can be dynamically selected, the nonlinear system can be dynamically
programmed to select a different function. As a result, the nonlinear dynamical system can
be observed as a programmable computing system that can be programmed to implement
different functions.

[0075] An Analysis-by-Synthesis (“AbS”) approach can be used to measure the
amount of computation within a nonlinear circuit. In the AbS approach, an estimate about
the amount of computation can be determined from counting the number of different
observed digital functions after the nonlinear circuit is exhaustively programmed with
different possible control inputs. Different techniques have been introduced to program a
nonlinear system to implement a desired function. In some examples, the techniques can
include programming the nonlinear dynamical system with initial condition selection,
programing with bifurcation parameters, and programing with evolution time. FIG. 6 depicts
a dynamical system 600 that includes the circuit 100 with a feedback loop that can be
programmed with by a selection of an initial condition.

[0076] A control line 610 and a data line 620 accept input that programs the dynamical
system 600 to select a function. Both data inputs and control inputs can be of any length.
The data and control inputs are mapped to an initial condition for the nonlinear circuit 100.
In this example, the mapping can be a standard digital-to-analog convertor (“DAC”) 630, but
other implementations are possible and any other map that maps the digital inputs to an
initial condition can be used as an encoder here. A switch 640 can be controlled by a clock
signal, ¢3,and control when an initial condition is to be fed to the dynamical system 600. The
dynamic range of the input x can be 0V to 5V.

[0077] The output of the nonlinear map can be fed to a threshold circuit 650, which

can create a single bit output. The system 600 of FIG. 6 is capable of implementing digital

10
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functions with one-bit outputs. A multilevel threshold can allow for functions to be
implemented with more than one output. Nonlinear systems can be sensitive to the initial
conditions. The control inputs can change the initial condition of the iterated circuit. As a
result, different control inputs can result in implementing different functions.
[0078] Without loss of generality, in some examples the goal can be to implement a
four-input, one-output digital functions, and define:
aVc:fVc — N
N={012,..2%} (3)

as a metric that assigns an integer value, N, as the number of different four input, one-output
functions that the nonlinear circuit at bias voltage V. implements. There are 22" = 65536
different four-input, one-output combinational digital functions. That is why oy, assigns a
number between 0 and 65536. To implement four input functions, data given to the DAC 630
in FIG. 6 is to be a four-digit binary number:

Data = D;D,D3D,

D; € {0,1} (4)
[0079] There are 22" different four-input, one-output functions. As a result, control
input is composed of 24 control inputs so that the nonlinear map can be programmed to
obtain up to 22* different functions:

Control — C,C,C5 ... Cyg

C; €{0,1} (5)
[0080] The DAC 630 of FIG. 6, can receive twenty bits (four bits of data and sixteen
bits of control) and map the bits to an analog value between 0, 5 as follows:

£1 2 + 5L, 21D
X 220

Xg =5
x0€[0,5] (6)
[0081] Here, the first bit of the control input, C;, is the least significant bit and D, the
most significant bit.
[0082] The output from the final state is produced by a threshold mechanism. More
specifically, the state space of the dynamical system is partitioned to two partitions. Each
partition is assigned a symbol and any state that falls within any partition receives the same

symbol that is assigned to the partition:

11
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_(Oxpp <7
Onis =1 72" 1)
[0083] In practice, one can select any threshold value 7 for partitioning and producing

of output; however, not all of threshold values suit the dynamics-based computing equally
well. A suitable partitioning is a partitioning that preserves the amount of entropy in the
system after symbolizing the states. Entropy can equal information according to Shannon’s
communication theory. One-dimensional discrete dynamical systems (e.g., maps), using the
critical value of the map as the threshold value for partitioning, can preserve the Kolmogorov-
Sinai entropy of the dynamical system. Based on FIG. 2, the critical (or minimum) value of the
map that the nonlinear circuit 100 of FIG. 1 builds depends on the bias voltage V.. In some
examples, 2.5V can be a good average value for threshold value over different V. values such
that the threshold value can be set to 2.5, T = 2.5.

[0084] Following the AbS approach, different control inputs of Eq. (5) can be applied
exhaustively and a number of observed different functions for each V. can be counted. The
result can be referred to as gy,. The nonlinear circuit 100 can be simulated based on
computing system 600 of FIG. 6 in a hybrid environment of C++ and Cadence® Spectre®. The
nonlinear circuit 100 can be simulated in Spectre® using model files. The rest of the system
600 can be implemented as an ideal, perfect C++ simulator.

[0085] The C++ simulation can calculate the initial condition for the given Data and
Control inputs, and pass the initial condition to Spectre®. Spectre® can receive the inputs to
the nonlinear circuit, calculate the output of the nonlinear circuit, and passes the results to
the C++ simulation. Then the C++ simulation can produce the binary output based on the
output of the nonlinear map that was received from Spectre®, and then pass the output of
the nonlinear map as the input to Spectre® again. And the loop can repeat.

[0086] The evolution time (e.g., the number of loop iterations) is a technique for
programming the nonlinear circuit to implement different functions. In a nonlinear circuit, if
the circuit is in chaotic regime, or is in a periodic regime with a long periodicity, the observed
output at each iteration of the loop O,,, 1 can be different from the previous iteration. As a
result, different functions can be implemented at different iteration number n, and
consequently oy, the number of different functions that can be implemented from the
nonlinear circuit can depend on the iteration number as well. In a continuous-time analog

circuit, the number of observed functions can depend on the continuous time evolution.

12
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[0087] To evaluate which digital function is selected with a particular control input
and a particular iteration number n, the association of a control input with a logic function
can be noted and then all possible combinations of data inputs can be enumerated to
construct the truth table of the function for the particular control input. By changing the
control input and repeating the procedure, a second digital function, which is likely to be
different from the first one, can be observed. By exhaustively applying all possible control
inputs, the type of function that the nonlinear circuit implements can be determined after
iterating for n times for each control input. At the end, the number of different functions
observed at each iteration number n can be counted and this can be gy,_(n). The process can
be repeated for different bias voltage values V., and the results are shown in FIG. 7 in a semi-
logarithmic scale for a set of bias voltage values.
[0088] In a semi-logarithmic scale, gy, (n) can linearly increases with iteration number
and the slope is a function of the bias voltage. At some point gy, (n) can reach a plateau due
to a limited number of control inputs and a limited number of four-input, one-output
functions. But, there is still a large dynamic range to observe and estimate the slope. An
extended scale can be obtained by counting the number of five-input, one-output functions
that the circuit can implement. This can suggest that the amount of intrinsic computation
that any nonlinear circuit or system can implement can be characterized by an exponent ¢,
which can be referred to as a computing exponent:

Onyy  e¥ven (8)
[0089] Py is the slope of the straight lines in FIG. 7, which are plotted in semi-
logarithmic scale. In FIG. 7, the exponentially increasing number of functions can reach a
plateau due to the limited number of four-input, one-output functions and limited control
inputs, 224, not because of limitations of intrinsic computation of the nonlinear circuit. By
implementing m-input, one-output functions, where m — oo, the exponentially increasing
number of observed functions may never reach to a plateau, and ch(n) — ooasn — oo,
[0090] Furthermore, there is a subtle connection between computing exponent of a
nonlinear circuit and Lyapunov exponent of the circuit. The Lyapunov exponent can be a
measure to characterize chaos and quantify the average divergence of nearby orbits and
sensitivity to initial conditions. For a one-dimensional system, dop can be the difference

between two close initial conditions xo and xo+dxo, dy = |xg — x¢g — dxg| = |dxo| and dj,
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i=1,2,...,n, can be the subsequent difference between the two points after the points are both
iterated j times. In a chaotic system, on average, d; exponentially increases over time, i, d,, =
dge?™. The Lyapunov exponent A is defined as:

A=lim,,,1/nln(d,/dy) (9)
[0091] A positive Lyapunov exponent can mean that the system is chaotic, it is
sensitive to initial conditions, and there are an infinite number of unstable periodic orbits
(“UPQs”), within the system. The Lyapunov exponent can characterize the average rate of
exponential divergence of nearby orbits, whereas the computing exponent represents the
exponential increase of number of functions, programmed by perturbing initial condition of
a nonlinear map by control inputs. If a nonlinear circuit is not sensitive to the changes of its
initial conditions, it means that 1) Lyapunov exponent is zero or negative and 2) the nonlinear
circuit is not flexible enough to implement different functions. If a nonlinear circuit is sensitive
to changes of initial condition, 1) the Lyapunov exponent is positive, 2) nonlinear circuit can
implement many different functions via initial condition selection, and 3) in terms of
numerical value, the Lyapunov exponent, which characterize exponential divergence of close-
by orbits, can be the same as, or at least close to computing exponent of the same circuit.
[0092] In FIG. 8, the computing exponent and the Lyapunov exponent of the nonlinear
circuit in FIG. 1 can be plotted for different bias voltage values V. to examine the cases. A
simulation setup similar to FIG. 6 can be used to calculate the Lyapunov exponent of the
nonlinear circuit. The circuit can be simulated in Cadence® Spectre®, whereas the Lyapunov
exponent can be calculated in a C++ program based on Eq. (9). The bifurcation diagram of
FIG. 5 can be useful to understand the dynamics, and interpret the result in FIG. 8.
[0093] For small bias voltages V. the dynamics can be periodic, the Lyapunov
exponent can be negative, and the number of functions that the nonlinear circuit can
implement over time may not exponentially increase and therefore the computing exponent
can be zero. After a period-doubling cascade, the nonlinear circuit can enter to a chaotic
regime, where the Lyapunov exponent can be positive, the number of functions that the
nonlinear circuit can implement can exponentially increase over time (iterations), and
numerically the computing exponent can be close to the Lyapunov exponent. As the bias
voltage V. increases, a periodic window can appear in the bifurcation diagram. In a periodic

window, there can be a stable periodic orbit, and the Lyapunov exponent can be negative due
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toit. But, within the periodic window, the computing exponent can maintain a positive value.
The phenomenon can be attributed to the existence of many unstable periodic orbits, and
long transient time of orbits before the orbits converge to the stable period orbit. The
existence of the complex transient behavior can provide the nonlinear map with enough
variability in dynamics to implement many different functions over time. Upon further
increase of bias voltage V., a cascade of periodic doubling can occur, which eventually leads
to full chaos and then another periodic window can appear. The Lyapunov exponent and the
computing exponent can behave similarly to during the first set of cascade bifurcation, chaos,
and periodic window.

[0094] A computing exponent for nonlinear circuits and systems, can be defined as
characterizing the amount of computation within a nonlinear circuit or system. This can be
similar to existence of infinite number of UPOs within a chaotic circuit. A chaotic system can
contain an infinite number of UPQs, although in practice not all of the UPOs are accessible or
observable. Similarly, chaotic circuits or systems can contain an infinite number of functions,
although in practice not all of functions are accessible or observable.

[0095] A large, complex circuit may not be necessary to implement many different
functions, rather a simple circuit with a rich complex dynamics can implement many different
types of functions. The amount of computation can be connected within a nonlinear circuit
to its dynamical features.

[0096] An integrated circuit with a dynamics-based logic block can be designed and
fabricated to implement different two-input, one-output digital functions. In theory, a simple
nonlinear circuit can contain an infinite number of different functions. The inherent complex
dynamics of a nonlinear circuit and its intrinsic infinite number of unstable periodic orbits can
represent an infinite number of different functions to map inputs to outputs. However, due
to nonidealities such as noise, not all such functions are accessible in practice. A nonlinear
integrated circuit can be designed and fabricated so that its rich, complex dynamics can be
utilized to perform computation. More specifically, the integrated circuit is dynamically
programmable to implement different types of two-input, one-output, combinational digital
functions. The main advantage of the fabricated integrated circuit is that the same circuit can
implement different functions in each cycle, without any need to halt in between for

programing.
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[0097] A nonlinear integrated circuit can be programmed to implement all possible
two-input digital functions. A block diagram for a dynamical system can implement a function
and can be programmed to implement different digital functions. A dynamical system can
evolve continuously over time, or in discrete steps. The former is called a continuous time,
dynamical system, and the latter is named a discrete time, dynamical system, or simply an
iterated map. An iterated nonlinear map can be used for reconfigurable computation. To
have an iterated nonlinear map, the output of the map can be fed back to its input.

[0098] FIGS. 9-12 are block diagrams of dynamics-based nonlinear circuits. FIG.9is a
block diagram for a single nonlinear map circuit (“NMC”) 910 where its output is fed back to
input through a buffer 920 and two alternating switches 930a-b. FIG. 10 depicts two NMCs
1010a-b chained together where their outputs are fed to the inputs of each other. In this
example, a buffer is not used but two switches 1030a-b control when the output of one of
the NMCs is fed to the input of the other. FIG. 11 depicts two NMCs 1110a-b with three
switches 1130a-c to externally initialize the two NMCs 1110a-b. FIG. 12 depicts data inputs
encoded as the initial condition, binary outputs 0, and Oy produced from the outputs of each
of two NMCs 1210a-b using two threshold mechanisms 1220a-b, three switches 1230a-c, and
two control inputs, Cpand Cs, to program the block diagram to implement different types of
functions.

[0099] FIG. 9 depicts a block diagram of the NMC 910 where its output is fed back to
its inputs via two switches 930a-b that are turned on and off alternately, and buffer 920. A
feedback with a single switch can result in read-after-write, or write-after-read race
conditions. As a result, the two switches 930a-b with the buffer 920 in between can be used
to prevent such race conditions. An alternate design, shown in FIG. 10, uses two of the same
NMC 1010a-b instead of a buffer. The replacement of the buffer with a second NMC thereby
doubles the rate of iteration of the map, because at each loop of the feedback mechanism,
two NMCs 1010a-b can be evaluated rather than one. NMC | 1010a maps x, to x,,,, and
then NMC Il 1010b receives x4 as the input and maps it to x,,,» During the next loop, NMC
| 1010a receives x, o as the input and the same scenario repeats. This architecture can be
used to create an iterated map.

[00100] A function can map incoming inputs to outputs. And the dynamical system can

map its initial condition to future states. Therefore, the block diagram for a dynamical system
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that is supposed to implement a function, can receive inputs as its initial condition. FIG. 11
includes three switches 1230a-c, the third switch 1230c can allow initialization of the iterated
map with the incoming input, and has two outgoing ports, which read the outputs of the
circuit maps over time. Non-maskable interrupts (“NMlIs”) can be used, meaning that their
state variables are analog. As aresult, the block diagram for a discrete time dynamical system
can map analog inputs to analog outputs, and therefore implement an analog function. But,
FIG. 11 can also implement digital functions if the binary inputs are converted to analog
inputs, and then convert the analog outputs to binary outputs.

[00101] FIG. 12 includes an encoder 1250 for converting binary inputs to analog inputs,
and two decoders 1220a-b for converting analog outputs of the maps to digital outputs. Two
additional control inputs, Cp and Cg, are included for programing the block diagram to
implement different functions. The control input Cp is the perturbations that can be applied
to the initial condition of the dynamical system to program the block diagram. Nonlinear
circuits and systems can exhibit sensitivity to initial conditions, meaning that small changes in
initial conditions of the system result in dramatic changes of the final state. The behavior is
called chaos, and as a method for programing the circuits, the initial conditions give to the
circuit can be perturbed to change the mapping between inputs and outputs. The control
input Cz changes the bifurcation parameter of the NMCs 1210a-b and thus their behavior.
Unlike linear circuits and systems, the dynamics and behavior of nonlinear circuits and
systems qualitatively change with the changes of the parameters of the circuit. The
phenomenon is called bifurcation, and can be used as a mechanism to alter the dynamics of
the nonlinear map circuits to program the way the nonlinear map circuits map inputs to
outputs.

[00102] Three individual clocks can drive the block diagram of FIG. 12. An example of
three clock signals 1302, 1304, 1306 are depicted in FIG. 13.

[00103] Clock signals 1302, 1304 denoted by ¢, and ¢, respectively, are a two-phase
non-overlapping digital clock used to control the feedback in the loop composed of NMCs
1210a-b of FIG. 12 by controlling switches 1230a-b. The third clock signal 1306 initializes the
loop to an initial condition by controlling switch 1230c. After setting the initial condition
during the active phase of @3, the two nonlinear circuits 1210a-b iterate, and at each iteration

the two nonlinear circuit 1210a-b produce an output. When nonlinear circuit 1210a-b are in
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a chaotic regime, the outputs do not repeat themselves, and at each iteration, a set of outputs
is produced. As a result, iteration count is another method that can be used to program the
integrated circuit to implement different functions.
[00104] The circuits 1210a-b can be designed using a 0.6 um, 5 volts On-Semi C5
process, and the MOSIS Service can be used to fabricate the circuits 1210a-b. Any nonlinear
map contains a large number of functions, and under ideal conditions the number of different
intrinsic functions that are contained in a simple nonlinear circuit approaches infinity.
[00105] FIG. 14 depicts an example of a nonlinear map circuit 1400. The values of the
transistors and resistors can be as follows: M; = 80 um/0.6 um, M, = 10 um/0.6 um, M5 =
40 pm/0.6 pm, M, = 20 pm/0.6 um, M = 80 pm/0.6 pum, and My = 10 um/0.6 um; and the
resistance of resistors are R, = 1000, R, = 2KQ, R; = 10KQ, R, = 1KQ, and R; = 2KQ. The
resistors can be ideal and can be modeled by resistance values. In the actual integrated circuit
design, “hy” (high resistance polysilicon) devices can be used for resistors. The output of the
integrated NMC is plotted in FIG. 15 for different binary control inputs C; and C4. The binary
control inputs operate as bifurcation parameters Cs in the block diagram in FIG. 12, and
change the shape of the input-output characteristics of the NMC. The bifurcation parameters
in many previously reported NMCs are typically analog values, but a reconfigurable logic block
can be designed and fabricated wherein all inputs and outputs are digital. Therefore, an
auxiliary circuitry can be used to map the binary control inputs to an analog bifurcation value.
The control can be integrated into the NMC, as illustrated in FIG. 14, enabling it to directly
receive the binary control inputs that shape its input-output characteristics. Different values
of control inputs C; and C; put the NMC in a different dynamical regime and thus alter its
input-output characteristics and therefore the type of functions that it will implement.
[00106] To understand the behavior of the circuit in FIG. 14, first assume Cs; and C; are
both 0, therefore both the M3 and Ms transistors are off. During the negative sloped portion
of the circuit response illustrated in FIG. 15, the transistor M is off because output is greater
than (input -Vi). The current flowing through Rs resistor can be estimated as:

Ig,= (Vec - output)/10K (10)
The current flowing through Rg can be estimated as:

Ip,= (input = Vu)/2K (11)

and since I, = Ip_:
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output = Ve = 5(input - Vi) (12)

[00107] The M3 and Ms transistors can be turned on in response to C3 and C4 changing.
Cs and C4 changing can change by changing the value of the lower resistor, and thus the slope.
To understand the positive slope of the V shape behavior of the circuit, again first assume C;
and C; are both 0, therefore both the M3 and Ms transistors are off. During the positive slope,
the M transistor is on, Mg is in linear region, and therefore by ignoring Me:

output = (input - Vi) Re/ (Rs + Ry) = 20/21{input - V).  (13)
[00108] A linear dependence can form with the value of the slope set by a ratio of
resistors and different values of C; C4 can only change the resistor ratio. Equations (10) - (13)
can be simplistic models of the circuit to understand the overall V shape behavior of the
circuit. There can be other factors, such as the transistors’ intrinsic resistance, that have been
omitted from the simple analysis. Such factors can be properly modeled during the circuit
design phase using circuit simulation software, and result in the circuit response curves
illustrated in FIG. 15.
[00109] As discussed above, two examples of the same NMC can be included in a loop.
In FIG. 16, the two examples of the NMC in FIG. 14, labeled by NMC | and NMC I, can be
connected together using two transmission gates. The gate capacitances of the transistors
used in the map circuit are employed as the sample and hold capacitors. Here, to improve
the precision of the sample and hold mechanism, transistors, M1 and Ma;, are biased to
operate as a capacitance.
[00110] The digital data inputs, /1, I, together with control inputs C; and C;, are used
to determine an initial condition for the NMCs. A 4-bit digital-to-analog circuit can be used
to map the four binary inputs to a voltage value. The sub-circuit in FIG. 16 labeled “Encoder”
performs the operation. The M3 — Mg transistors are turned on or off based on the data
input values /3, I, C1, C2. The transistors modify the effective resistor ratio, thus producing a
voltage approximately proportional to the digital input value provided on (/4, I, C1, ;).
[00111] The two additional inputs, C1, and C2, going into the encoder, are treated as
control inputs that represent the role of CP in the block diagram in FIG. 12. The two additional
inputs program the logic block to implement different operations by perturbing the initial
condition produced by the encoder. The encoder circuit does not need to be an exact, perfect

digital-to-analog convertor; any map that maps different data inputs to unique and distinct
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values (with enough distance between the produced values) can be used to encode the input
data as the initial condition of the NMC. The distinct initial conditions under nonlinear
dynamics can produce distinct and different orbits that result in different outputs. To assign
a symbol to the analog output state of an NMC, the state space of the NMC is divided into
two parts, and each part is assighed a symbol, 0 or 1. A decoder circuit produces Vcc (5 volts)
or 0 volts, representing the symbols 1 or 0 respectively, depending on the output voltage of
the map. Any threshold voltage can be chosen to delineate the digital value of the outputs,
but a specific point of the V shape map is a good boundary value for symbols 0 and 1. The
specific point depends on C3 and C4 control inputs because the control inputs change the
shape of the V-shape input-output characteristics of the NMC. For simplicity, Vcc/2 can be
selected as the threshold voltage for the output translation. In FIG. 16, two decoder circuits
are shown. Each decoder can decode a binary output from the output of a NCM. VThreshold
is internally biased to 2.5 volts.

[00112] Afterinitializing the NMCs based on /1, 12, C1, and C2, the two NMCs can evolve
by toggling the ¢, and ¢, clocks alternatingly. The outputs of the NMCs and their decoded
digital outputs, can, and usually are, different from each other, and, furthermore, the outputs
normally change after each iteration, especially if the NMCis in a chaotic regime. As aresult,
the circuit implements two parallel operations, and at different iterations, it implements
different functions. The nonlinear dynamics-based logic block can be programmed to
implement different functions by adjusting how many times ¢, and ¢, should toggle before
the outputs are read the decoders.

[00113] The iteration number cannot be arbitrarily large because the impact of noise
effectively limits the maximum iteration number. There is a fine line between iterating the
NMCs long enough to allow nearby orbits to diverge from one another, but not so long that
noise can degrade the reliability of the result.

[00114] FIG. 45 includes a table that lists the two-input, one-output, combinational
digital functions that the fabricated dynamics-based logic block can implement for different
control inputs, C;, C;, C3, and Cy, at different iterations, n.

[00115] Sixteen different binary, two-input, one-output combinational functions can
be obtained. The functions can be labeled and present in the table in FIG. 45 with 0O, 1,...,15,

based on the outputs. For example, a digital function that produces all 0 output is function
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0; a digital function that produces all 1 output is function 15, and the rest are sorted in
between.

[00116] Furthermore, since NMCs can be unstable and sensitive to noise, the reliability
and repeatability of the observed functions can be monitored. As a reliability measure, the
circuit can be tested 1000 times and observed the implemented functions, and counted the
number of times that the circuit implements the same function again. The reliability ratio can
be defined as the number of the times that the same function is observed, divided by the total
number of trials. A reliability ratio of 1 for a specific observed function means that the
function is robust to noise, and lower reliability ratios mean that the observed functions are
not reliable. Different functions can, and do, have different reliability ratios, because
different Cs and C; control inputs put the NMCs in different dynamical regimes, and C; and C;
control inputs perturb the initial conditions to different parts of the state space. If a set of
control inputs put the NMCs in a chaotic regime, the reliability values can be lower, or if a set
of control inputs guide the orbits close to the threshold value, 2.5 volts, then the binary
output can be more sensitive to noise.

[00117] The experimental results can be reported as a couple. The first element of the
couple represents the label of the function, which ranges from 0 to 15. The second element
represents the reliability ratio of the function. Rows represent the iteration number, and
columns represent different control inputs. For example, at iteration number 1, n=1, when
control inputs are all 0, C:C,C3C4=0000, the observed function is function number 13, and its
reliability ratio is 1.00. According to FIG. 12, when n is odd, the functions are implemented
by NMC . And when nis even, the functions are implemented by NMC II.

[00118] According to some examples, a circuit can be programmed to implement
different digital functions by adjusting the initial state of the NMCs by changing their
bifurcation parameters, or by varying evolution time. The control and programing
mechanisms are integrated into the design, so that the circuit has a fully digital interface for
programing, which is done using four binary control inputs that select different functions.
[00119] Rather than distinct, separate designs for each function, one circuit can be
dynamically programmed to implement different functions. The concept opens the door for

designing more compact, energy efficient circuits.
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[00120] Furthermore, a dynamics-based circuit may not require halting for programing,
rather programing can be instantaneous. As opposed to some FPGAs, there can be no internal
memory element to load with programing bits. The nonlinear dynamics-based logic block
receives control bits and data bits simultaneously, and control bits can be different from cycle
to cycle. As aresult, the logic block can implement a different operation at each clock cycle.

A Dynamics-Based Nonlinear Circuit can Perform an Analog-to-Digital Conversion

[00121] In some aspects, a fabricated chaos-based logic block can perform analog-to-
digital conversion, in addition to performing digital computation. FIG. 17 depicts a block
diagram of a fabricated block, similar to FIG. 12. For test and verification purposes, multiple
extra pads and access points can be added at intermediate points in the circuit. The analog
input line in FIG. 17 shows one of the extra pins of the fabricated circuit. The pin can allow
for manual initialization of NMC | and NMC Il to an externally provided analog value.

[00122] In some examples, the mechanism can allow for the fabricated logic block to
convert analog voltages to digital binary codes. An analog voltage that is to be decoded to
digital bits can be provided and a sequence of bits can be read from the outputs. The
sequence of binary bits can represent a digital binary code for the given analog voltage.
[00123] When a dynamical system has regular, stable dynamics, different orbits
starting from different initial conditions can converge to the same steady states, such as a
stable periodic oscillation, or a steady state fixed point. As a result, the time evolution of the
dynamical system can be identical for different initial conditions, except for the short
transition time from the given initial condition to the stable steady states. Therefore, an
external observer cannot know the initial condition that the dynamical system has started
from by observing the time evolution of the dynamical system.

[00124] In contrast to dynamical systems with stable, regular dynamics, there is no
steady state solution for chaotic dynamical systems. Different initial conditions have different
time evolutions that never settle to a steady state condition, such as a stable period orbit. By
symbolizing time evolution of a chaotic dynamical system, a sequence of symbols that
represents the analog initial condition can be obtained. The state space of the dynamical
system can be partitioned into two disjointed sets using a threshold value, t, with each
partition assigned a symbol, and thus any state that falls within a partition receives the same

symbol that is assigned to that partition:
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S, = {0 x; < T (14)

l7 <x
As a result, the symbolic time evolution of a dynamical system, sg, s3, 5, ...where s; €{0,1}, can
be considered as a digital representation of the analog initial condition.
[00125] The fabricated hardware and the dynamics-based logic block circuit can also
implement an analog-to-digital conversion method as well. The analog value can be provided
that can be intended to digitalize to the analog input line in FIG. 17. Then the digital outputs
Ois can be observed.
[00126] To perform Analog to Digital conversion slightly different clock signals are used
than in FIG. 13. For analog to digital conversion, @, and @3 clocks are high at the beginning,
allowing the threshold mechanism of the NMC Il produce the first digital bit directly from the
analog voltage, and then @1 and @, toggle alternatively to produce the rest of the bits from
the threshold outputs of the NMC | and NMC Il as the circuit iterates.
[00127] The longer the system iterates, the more number of digital bits that can be
obtained to represent the analog value, which results in more precise digital representation
of the analog value. However, in practice, there is noise present, which can limit the number
of iterations. Iterate too many times and noise can be allowed enough time to evolve and
blur the outputs. Experimental studies can suggest that the circuit as is, without any further
upgrade or improvement, can convert an analog value (given to it as an initial condition) to a
string of 8 bits. Optimizing and enhancing the circuit, having the side application in mind, can
result in more efficient circuits that can produce more precise digital-to-analog conversions.
[00128] A designed and fabricated circuit for dynamics-based logic blocks can also
perform analog-to-digital conversion. Logic blocks can be programmed to perform analog-
to-digital conversion, in addition to digital computation. This can be useful in applications in
which the computing system interfaces with devices outside the analog world by sensing
some variables, converting the variables to digital values, and performing computation on the
digital values. The same circuitry can perform analog-to-digital conversion along with digital
computations.
[00129] Dynamical coupling can be a method to enhance noise robustness of nonlinear
dynamics-based computing. The same method can also be applied to enhance noise
robustness of nonlinear dynamics-based analog-to-digital conversion. One example of the

concept is schematically depicted in FIG. 18. Multiple circuits of FIG. 17 are dynamically
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coupled together, for example through a resistor, and the circuits receive the same analog
voltage. And since the circuits are dynamically coupled, the coupled dynamics can preserve
the signal, here the time evolution from the analog voltage, but incoherent noise is averaged
out among the coupled circuits. As a result, the circuits can iterate for a higher number of
iterations without being smeared by noise, producing a higher number of bits to represent
the analog voltage.

[00130] By dynamically coupling multiple nonlinear dynamics-based logic blocks, which
also can perform analog-to-digital conversion, a more robust analog-to-digital conversion can
be obtained, which can produce a higher number of digital bits for a given analog value. A
higher number of digital bits can result in a more precise digital representation of the analog
value.

An Iterating Nonlinear Dynamical Circuit can be Unrolled for Increased Reliability

[00131] Unrolling an iterating circuit can increase the reliability of the circuit. The
architecture in FIG. 12 can enable the dynamics-based logic block to evolve for any arbitrary
time before reading the output, and the iteration number itself can be used as a method to
program the logic block to implement different types of computation. Different iteration
numbers results in different outputs and types of functionality. The architecture can
contribute a great amount of flexibility to the logic block to implement different types of
functions; however, it adds to the complexity of the design. Furthermore, there are some
inherent errors induced by switched capacitor circuits that were used to chain the NMCs
together.

[00132] FIG. 19 shows a block diagram where the loop of NMCs is unrolled. Three
NMCs 1910a-c, which are iteration of NMCs in the loop architecture, or simply n=3 where n
represents the number of iterations are shown. One advantage of the architecture is that the
switched capacitor mechanism is deleted. But, the mechanism cannot iterate for any arbiter
number, rather it can do for only the number of physical NMCs that are cascaded one after
the other. This can gain simplicity and a higher degree of stability and reliability.

[00133] In FIG. 19, multiple examples of NMC are shown. Each NMC 1910a-c has an
internal mechanism to receive digital control input CB and convert it to an analog value that

is usable by the NMC as the bifurcation parameter. In FIG. 20 a DAC 2020 is used can be used
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to convert the digital CB to the analog value to be used as bifurcation parameter by all
examples of the NMCs 2010a-c. This can further simplify the design of NMCs 2010a-c.
[00134] Furthermore, rather than using the DAC 2020 to convert a digital control bit
to analog values, multiple different analog signals can be routed in the circuit, and use digital
control bits to select different analog values and use the different analog values as the analog
control signal. This architecture is depicted in FIG. 21. One advantage is that a DAC can be
sensitive to temperature variations. Constructing a robust DAC can use a large area. In
previous version of dynamics-based logic blocks, each logic block and each NMC had its own
DAC. As aresult, a circuit with thousands of NMCs can have thousands of the DACs. It may
not be possible to use a more robust, but larger DAC because there are so many of DACs on
the circuit. By creating theses analog values once for the entire circuit, and routing the analog
values around the circuit and selecting different analog values digitally, the problem can be
resolved.

[00135] In FIG. 21 the analog values can be created once, and as a result, a larger more
complex circuitry can be used to produce the analog values precisely and robustly. In the
block diagram, there is another control input, Cp, which goes through a similar DAC system.
Similar to Cs, the Cp can be similarly implemented by creating different analog signals for the
entire integrated circuit and multiple logic blocks for once, and routing the analog values
across the circuit, and then digitally selecting different analog values as the Cp control input.
Some advantages of the mechanism are similar to Cs case: more robust to temperature
circuits without any substantial increase in size or complexity of the NMCs. The architecture
is shown in FIG. 22.

Dynamic Coupling of Dynamics-Based Nonlinear Circuits can Reduce Noise

[00136] In some aspects, dynamic coupling of dynamics-based nonlinear circuits can
reduce noise in the circuits. In some examples, the dynamics based computing circuits can
be connected at a proper point, and using a proper resistance value of the resistor for an
effective coupling. FIG. 23 shows the locations of the circuits that can be chosen to couple by
resistors. FIG. 23 depicts four examples of the same nonlinear dynamics-based resistance
value of the resistors is 10KQ in the simulation.

[00137] The circuits in FIG. 23 can be designed in Cadence® Virtuoso® design

environment and simulated using Cadence® Spectre® circuit simulator. The circuit simulation
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environment can be almost an ideal environment in the sense that there is no environmental
noise, except some numerical noise such as truncation, etc. As aresult, a noise source can be
added in the circuit simulation to model the noise that is present in the real world and to
investigate how the coupled circuits behave against the added noise. In FIG. 23, four noise
sources can be included, referred to as Noise 1, Noise 2, Noise 3, and Noise 4. The noise
sources provide noises that are statistically independent from each other. Also, the noise
sources operate as additive noise in the sense that the noise sources introduce additive noise
to state variables of the circuits.

[00138] As a reference point, a single dynamics based computing circuit without any
noise can be simulated. The black plot in FIG. 24 shows the result. Then four single circuits
can be simulated when there is no coupling, and each circuit has its own independent noise
source. Due to chaotic nature of the circuits, the additive noise rapidly changes the course of
the orbits after a few first iterations.

[00139] But when the circuits are coupled, and the coupling is strong enough, the
evolution of the circuits becomes synchronized. In chaos synchronization, with coupling
circuits, the chaotic circuits are locked-in and synchronized together. The coupled,
synchronized circuits may be less prone to local noise. In other words, coupled, synchronized
circuits can contain less noise than independent circuits, and this can be used as a method to
implement robust-to-noise systems. The simulation results when circuits are coupled are
shown in FIG. 25. Again, a black plot represents the noise-free evolution as a reference point.
And evolution plots of different circuits are color-coded. The circuits can be synchronized and
the synchronized noisy evolution of the circuits can follow the noise-free evolution better
than when the circuits were uncoupled from each other.

[00140] A series of identical dynamics based computing circuits can be coupled
together to perform more robust to noise computation, or decoupled to perform parallel
computation to improve performance. The decoupling/coupling mechanism can be
implemented by inclusion of a simple pass transistor or transmission gates in series with the
coupling resistors. Whenever these switches are connected, the circuits are coupled, and
whenever these switches are disconnected the circuits are decoupled. The
decoupling/coupling mechanism can allow the system to have two operation modes: (1) a

robust to noise mode and (2) a high performance.
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[00141] Dynamical coupling of circuits can reduce the effects of fabrication
nonidealities. Different fabricated instances of the same circuit can vary from each other.
Dynamical coupling of circuits can produce a circuit that behaves closer to the originally
designed circuit. Dynamical coupling can average the effects of incoherent variations across
the coupled circuits, and mitigate the effects of fabrication nonidealities. Noise or fabrication
nonidealities can average out across the circuits and the result can be a more precise circuit
and more precise computation.

Continuous Time Dynamics-Based Nonlinear Circuits

[00142] One advantage of a chaotic circuit over another circuit for logical operations
can be the implementation of multiple logical functions from the same circuit. To obtain the
feature, architectures can use an evolution of a chaotic circuit. As described above, chaotic
circuits can evolve at discrete steps. In some aspects, chaotic circuits can be used that evolve
continuously in time. Chaotic circuits that evolve continuously in time may not require
switching capacitors, which can introduce noise and delay. By using an oscillator circuit that
can continuously evolve in time with no need for sample and hold circuits to enforce iteration,
a chaotic circuit can gain higher speeds, a lower error rate, and lower noise.

[00143] In some examples, a chaotic oscillator can be used with a double scroll
attractor. The oscillator can be tested for the logical functionalities obtained when the initial
conditions are kept within its chaotic boundaries. Examples of results are depicted in FIGS.
46-49.

[00144] The system developed and shown in FIG. 26 can include three main
components (1) a voltage encoder, (2) a chaos generator, and (3) a voltage decoder. Based
on the input and control signals, the encoders can generate initial set of voltages, which are
applied to the chaos generator as the initial condition of the oscillator, and once the system
is operational the output is sampled at a fixed predetermined time and held. The voltage is
then compared with a threshold voltage (here 900 mV) and based on the value of the voltage,
the voltage is considered as a logical output of 0 or 1.

[00145] The circuit can realize a third-order nonlinear differential equation of which vx

=Vx—Vdd /2 is a solution.

o gdu®)

@ _ g, Cr(
dr3

ar—as AR 5 a(%)%x(r)+aVR(%)35ign(vx(r))

27



WO 2018/044923 PCT/US2017/049177

where g is the transconductance of each inverter stage, Vg = I.41,/9, Icgp is the bias current,
and a = C/Cz and C = Cx = Cy. The oscillator can be found to operate within chaotic regime
when a is between 0.4 - 0.78

[00146] An example of a circuit implementing the oscillator is as shown in FIG. 27,
followed by the time sequence of the desired voltage signals in FIG. 28, and with the double
scroll attractor as shown in FIG. 29 and FIG. 30.

[00147] In one example, the circuit can be operated at a = 0.45, g = 275uS and Icgb =
30 pA. The values can provide a good voltage swing and distribution of the attractor.
[00148] The voltage encoder can be used to convert data and control signals into a
voltage value that is used as the initial condition of the oscillator. 11 and 12 are data inputs,
and C1 and C2 are control inputs to program the logic block to implement different types of
two-input, one-output functions. The voltages are applied to the three capacitive nodes
obtained in the design on third order nonlinear differential equation. The variations in the
output of the chaotic circuits can be exploited based on different initial voltages as a method
to obtain multiple different functions out of the same circuit. An R-2R ladder circuit can be
used to give output voltages in the range of 820 mV — 975mV. The voltages were chosen
based on the chaotic limits of the oscillator for a fixed value of a. The circuit is shown in FIG.
31.

[00149] The switches S1 through S4 are controlled by the input control signals C1, C2,
11, and 12. Once the oscillator is initialized at three nodes of the chaotic oscillator, the
oscillator can oscillate freely, and a logical output can be obtained from the voltage of one of
the nodes. In a voltage decoder, the voltage can be compared with a threshold value to obtain
the binary output. As this is a continuous time oscillator, the output can be obtained at a
fixed time. For example, the voltage at the Vx node on the oscillator can be sampled every
75ns. The decoder can include a sample and hold circuit that samples the output at 75ns and
holds it while the following comparator compares the voltage to the reference voltage (e.g.,
Vvdd/2, viz. 900 mV). If the sampled voltage is below the threshold voltage, the output is
considered to be logical 0 and if the sampled voltage is above the threshold, it is considered
to be logical 1.

[00150] The test schematic setup is shown in FIG. 32. The control signals C1, C2, 11,

and 12 can be set as per the desired operation. The switches S1, S2 and S3 in FIG. 31 can be

28



WO 2018/044923 PCT/US2017/049177

closed at the beginning to charge the capacitors at the nodes to initial voltages. The switches
can be opened simultaneously and the oscillator can be allowed to oscillate. The logical
operations can be obtained at the output at 75ns when the sample and hold circuit is
triggered. The output can be taken from Vx node. Once the output is obtained, the oscillator
can be reset with a next set of control signals to get different logical operation at 75ns.
[00151] For various control signal combinations the output obtained are listed in the
table in FIG. 46. The outputs can be clubbed for pairs of control signals to give various logical
gates. Some of the logical gates are tabulated in the tables in FIGS. 47-49.

System Level Reconfigurability Using Dynamics-Based Nonlinear Circuits

[00152] In some aspects, a specific architecture can preserve the reconfigurability of
the logic blocks, while transforming the logic blocks from circuit level to system level. Here,
system-level reconfigurability refers to reconfiguring a computing system composed of
nonlinear dynamics-based logic blocks so that it can perform a different computation in which
reconfigurability is executed by dynamically reconfiguring the logic blocks. The architectures
may not require halting the computing system for reconfiguration; rather, reconfiguring the
computing system can take place instantaneously. As a result, at each clock cycle the
computing system can be reconfigured to perform a different computation.

[00153] FIG. 33 discloses an example of architecture for nonlinear dynamics-based
hardware. There can be five nonlinear dynamics-based logic blocks in each column of the
lattice, but there could be any other number of logic blocks in a column. The size is arbitrary,
and the architecture is scalable to facilitate any operand size. The first column of the lattice
can be the input column, the last column can be the output column, and the rest of the
columns can be the inner columns. The logic blocks of the input column can receive the
operands or data inputs as their inputs. The rest of the columns can receive the outputs of
the logic blocks in the previous column as their inputs. There can be multiplexers between
columns to select which outputs go to the inputs of the logic blocks in the next column, and
there can be multiplexers for the input column to select different operand bits as the inputs
to different logic blocks of the input column.

[00154] Two categories of elements can be programmed: (1) the nonlinear dynamics-
based logic blocks and (2) the multiplexers. A microprogrammed control unit can be used for

the purpose, as shown in the architecture in FIG. 33.
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[00155] The microprogrammed control unit can be an SRAM memory, where each row
contains the control bits to program the nonlinear dynamics-based logic blocks and the
multiplexers so that the lattice of FIG. 33 can implement a certain type of computation, e.g.,
an addition operation. Different rows of the SRAM can contain the programing codes for
different functions. In some examples, the operation code, also known as “opcode,” for an
addition operation can be the memory address of the SRAM row that contains the control
bits for an addition operation. Whenever the computer system fetches another instruction,
the opcode of the instruction can be the address of the SRAM row that contains the control
bits to program the architecture to implement that instruction.

[00156] The lattice of logic blocks in FIG. 33 can be pipelined in the sense that the
signals propagate from one column to the next column step-by-step, one column per cycle.
The pipelined architecture can maximize instruction throughput since multiple instructions
can be executed at the same time. For example, during the first clock cycle, the first
instruction is fetched, the first column is reconfigured to implement the first layer of the
circuit for implementing the first instruction. Then the outputs of the first column flow to the
second column and the second column can be reconfigured to implement the second layer of
the circuit for the instruction. At the same time, the second instruction is fetched and the
first column is reconfigured to implement the first layer of the circuit for the second
instruction. During the following cycles, the instructions can propagate to the right, while
newer instructions continuously fetched and filled into the lattice from the left.

[00157] In some pipelined architectures, there is just a flow of data, while the
instructions are fixed and hardwired. Such architectures are called single instruction, multiple
data (“SIMD”) hardware. The architecture can have a continuous flows of data and
instructions, meaning that at any moment there are multiple data and multiple instructions
in the lattice. As a result, the architecture can be a multiple instructions multiple data
(“MIMD”) system, meaning that there are multiple instructions and multiple data in the
system.

[00158] The lattice of logic blocks in the architecture in FIG. 33 is two-dimensional, in
the sense that the logic blocks are arranged in rows and columns. The two-dimensional lattice

of logic blocks can be further reduced to just a single column of logic blocks, where at each
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cycle the column is reconfigured to implement a different column of the two-dimensional
lattice of logic blocks. The architecture is shown in FIG. 34.

[00159] During the first clock cycle, the column of logic blocks is reconfigured to
implement the input column of the architecture in FIG. 33. In the cycle, the multiplexers are
programmed so that the operand bits go to the logic blocks. During the second clock cycle,
the column is reconfigured to implement the second column of the architecture in FIG. 33,
and during the i clock cycle, the column is reconfigured and implements the it column.
During the cycles, the outputs produced during the previous clock cycle are fed back to the
inputs. This is equivalent to wiring the outputs of a column of logic blocks to the inputs of the
next column in the architecture in FIG. 33. In the architecture in FIG. 34, the codes to program
different columns are stored in consequent memory locations. The opcode of an instruction
points to the codes for the first column. The address goes to a counter, which initializes the
counter. Then at each clock cycle, +1 is added to the content of the counter. As aresult, the
counter points to the address of the next memory location, which stores the codes to program
the next column of the lattice. In the architecture, the clock signals and timing are not shown.
[00160] In some examples, an addition operation, where each operand is two bits can
be performed. An example of the truth table for the computation is shown in in FIG. 50.
Various aspects can be applied to virtually any problem in the field of computer science and
engineering.

[00161] In some examples, digital design techniques can be used to create a digital
circuit to implement the table in FIG. 50, and then map the design to a reconfigurable
dynamics-based computing system. The design can include both the connectivity — how the
multiplexers in the architectures are to be programmed to create the desired connectivity,
and the type of operation for each dynamics-based logic block — how the dynamics-based
logic blocks are to be programmed. The control bits for multiplexers and logic blocks can be
loaded to the row of the SRAM microprogrammed control unit to which the opcode for
addition is pointing.

[00162] In additional or alternative examples, an adaptive learning technique can allow
the computing system itself to learn how to implement the given problem and obtain the
control bits. The approach can be referred to as “adaptive dynamics-based computing” in the

sense that the system dynamically reconfigures itself, with no need for direct programing, to
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implement a given type of computation. For the sake of this example, the dynamics-based
logic block’s internal iteration number, n, can be fixed to 6. As a result, the highlighted row
of in the table in FIG. 45 reports the type of two-input, one-output digital functions that the
logic block implements for different C:C.C3C4 control bits.

[00163] Either the architectures introduced in FIG. 33 or FIG. 34 can be used in the
example. The size of the lattice can be 5x5, with 5 logic blocks in each column, and there can
be 5 such columns. This can be a 5x5 version of the architecture in FIG. 33, or a 5x1 version
of the architecture in FIG. 34, where the systems cycles 5 times.

[00164] An evolutionary algorithm can be used to train the architecture to implement
an adder. The block diagram for an example of the evolutionary algorithm is shown in FIG.
35.

[00165] The evolutionary algorithm can start with randomly programing the
architecture. This can be equivalent to loading the row of the microprogrammed SRAM,
which the addition opcode is pointing to, with random 0/1 bits. The circuit can be cloned 20
times, and each clone can be mutated independently. To obtain a mutant clone, the
architecture is mutated and cloned, then a few of its control bits that are stored in the SRAM
are flipped, and the resulting control bits program and construct the mutant clone. The
number of bits that are to be flipped can depend on how fitted or unfitted the current

architecture is. In some examples, the number of bits to flip can be determined by:

#flipped = [1 - Lj x10  (15)

Max_fitness

[00166] Here, fitness is the fitness value of the current architecture, and Max_fitness is
the maximum possible value of fitness. For example, in the adder example in FIG. 50, the
maximum fitness value is 48. Equation (15) is a mathematical floor function. If the
architecture from which clones are to be created is not fitted, then Equation (15) sets the
number of bits to be flipped to a high number to create enough variety in the clones. If the
architecture is relatively fitted, then Equation (15) reduces the number of bits that are going
to be flipped to a lower number, so that the clones stay close to the relatively fitted current
architecture, and a small number of mutations are performing fine-tuning for possible further
fitness enhancement. In the example, during mutation control bits can be treated for

connectivity (that program the multiplexers) separately from the logic bloc control bits, in the
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sense that both of the two groups of control bits are subjected to the same number of bit
flipping as determined by Equation (15).

[00167] The truth table of a possible architecture can be obtained (by feeding different
sets of the inputs and observing the outputs) and compare it with the table in FIG. 50 truth
table for an adder. For every correct output bit, one point can be added to the architecture’s
fitness value. FIG. 50 has 16 columns of inputs and outputs, and each output is composed of
three bits. Therefore, the maximum value of fitness that belongs to the adder is 48.

[00168] After 553 generations — i.e., loops of the FIG. 35 flowchart - the evolutionary
algorithm converges, and the resulting architecture is programmed to implement an adder.
The fitness of the best architecture at different generations is plotted in FIG. 36.

[00169] Since the evolutionary algorithm is a stochastic method, different runs of the
same program usually takes different number of generations until it converges to the optimal
solution. The resulting programmed architecture to implement the addition operation is
depicted in FIG. 37. Line 1 and Line 2 can show how multiplexers are programmed and what
the inputs are to each logic block. And the numbers in each logic block can indicate an
operation that each logic block is implementing. Sixteen different binary, two-input, one-
output combinational functions can be shown. The logic blocks can be labeled with 0, 1,...,15,
based on the outputs the logic blocks produce. For example, a logic block that produces all 0
output is function 0, digital function that produces all 1 output is function 15, and the rest are
sorted in between. Adaptive learning can allow the system to learn to recover from faults, or
adapt to different operational conditions.

Compiler Design for Reconfigurable Logic Blocks

[00170] Certain aspects and features relate to interfacing dynamics-based
reconfigurable hardware with a software layer and compiling a computer program to a
machine code that is understandable by the dynamics-based reconfigurable hardware. In
some aspects, the software interface and compiler can be designed to take advantage of the
reconfigurability of the dynamics-based hardware. A software interface and compiler can
enable the dynamics-based hardware to be connected efficiently with some software
applications. In some examples, as a result, any computer program or software can use the

advantages of the dynamics-based reconfigurable hardware.
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[00171] The dynamics-based reconfigurable hardware introduced above can be used
as a reconfigurable logic block that can be programmed at the hardware level. A hardware
designer can include such reconfigurable logic blocks in the design, and then develop
application specific hardware, or software to program the hardware, to perform as desired.
The designer can directly program the dynamics-based reconfigurable hardware using the
control input, and then provide the data input to the logic block, and read the output from
the logic block.

[00172] In some aspects, the dynamics-based reconfigurable hardware can be
available for everyday applications using a platform and interface that is usable by regular
software/hardware designers and developers with little or no prior knowledge or experience
with nonlinear dynamics-based hardware.

[00173] A software interface and a compiler can be created for the dynamics-based
reconfigurable hardware, making it more available for everyday use, where any software
developer can write their own computer programs, and then use the compiler to translate
their computer program to the native language of the dynamics-based reconfigurable
hardware. In some examples, the interface and compiler can translate each instruction for
the dynamics-based hardware so that the dynamics-based hardware becomes the direct
implementation of the instruction. In some examples, there is no programing time in
between the execution of different instructions in the program. The dynamics-based
reconfigurable hardware can reconfigure itself and implement an instruction at each clock
cycle. Dynamics-based reconfigurable computing can allow a single circuit to implement all
the different instructions. The software-hardware interface and compiler can allow a
dynamics-based reconfigurable circuit to reconfigure itself at each cycle to directly implement
all instructions of the program one at a time. The flowchart for the scenario is shown in FIG.
38. A developer can write a program in any computer language (e.g., in Clanguage) and then
can use the compiler to translate the sequence of instructions in the computer language to
the sequence of machine codes that reconfigure the dynamics-based reconfigurable
hardware.

[00174] In general purpose microprocessors, the source code can be compiled to a
series of machine instructions, where each instruction instructs the microprocessor to

execute that specific instruction. In a microprocessor, there can be different circuits for

34



WO 2018/044923 PCT/US2017/049177

different instructions. The execution of an instruction can be performed by routing the
operands to the specific circuit that implements the instruction and reading the output from
the specific circuit.

[00175] With the nonlinear dynamics-based hardware, the native machine code
produced by the compilers can be control bits that reconfigure the nonlinear dynamics-based
hardware so that the nonlinear dynamics-based hardware can implement the instruction. In
some aspects, a nonlinear dynamics-based hardware can have one circuit that implements all
functions. The compiler can allow the hardware to be reconfigured to implement all
instructions in the program. The flowchart of FIG. 39 depicts the instructions in a program,
Ins1, Ins2, Ins3,..., being translated to machine codes M1, M2, M3,..., where Mi represents
the control bits to reconfigure the nonlinear dynamics-based hardware to implement
instruction, Insi.

[00176] The nonlinear dynamics-based reconfigurable hardware can reconfigure itself
at each clock cycle, and implement a different instruction, Insi, at each clock cycle, as is
depicted in FIG. 40. In some examples, the programmer writes the source code in a simplified
version of C language. Then the compiler translates the C code to the native language of the
nonlinear dynamics-based hardware. Each executable instruction of the program is
translated to a set of binary code that reconfigures the nonlinear dynamics-based hardware
to implement that instruction. In the example, a nonlinear dynamics-based reconfigurable
hardware referred to as a “chaogate” can be used. The chaogate can be capable of
implementing all two-input, one-output digital functions. This can provide an Arithmetic and
Logic Unit (“ALU”) that is capable of handling single-bit operands. As a result, in the version
of the compiler, for simplicity but without loss of generality, the compiler can be designed
and implemented for single bit operations. All variables in the source code can be single bit,
and all operations are single bitwise operations. A screenshot of the LabVIEW interface is
depicted in FIG. 41.

[00177] FIG. 41 includes a visual interface including a first input field 1, a second input
field 2, a third input field 3, a fourth input field 4, an output field 5, an output window 6, and
a compile button 7. A command to compile can be entered in the first input field 1. Aninput
source file can be entered in the second input field 2. A name of the file to be generated can

be input in the third input field 3. Source code can be input in the fourth input filed 4. Native
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machine code can be generated and displayed in the output field 5. The output of all
operations can be displayed in the output window 6. The compile button 7 can be used to
toggle between compiling the source code and using the source file in the second input field
2 to drive the chaogate.
[00178] The LabVIEW can provide a visual interface to run the compiler. LabVIEW and
National Instruments DAQ can also electrically communicate with a fabricated chaogate.
[00179] To run the compiler directly without using LabVIEWs visual interface, the
following command can be executed:

chao_compile.exe <input_source_file> <output_executable_file>
[00180] The chaogate can implement the executable instructions. The instructions can
perform operations on operands. The operands can be stored in a first location, and the
results can be stored in a second location that is different than the first location. In some
aspects, a microprocessor can include internal registers to hold the operands and the results.
In additional or alternative aspects, the dynamics-based reconfigurable hardware can use
simulated registers at the software level.
[00181] The source code can contain instructions to assign values to the registers and
print the register value whenever a print statement is encountered. The instructions can be
implanted at the software level as the instructions may not be executable instructions and
can be used to assign initial values to the registers and show the content of the registers.
[00182] In the example of the compiler, a simplified version of C language is used. The
compiler can recognize three types of operations: 1) the chaogate instruction (statements),
2) assign statements, and 3) print statements.
[00183] Chaogate statements can be of the type: <dest variable> = <src_regl>
<operator> <src_reg2>;
[00184] The compiler can convert the chaogate statement into instructions in the
following format: <C1:C4>,<lIteration>,<src_regl>,<src_reg2>,<dst_reg>
[00185] The mapping for the operator and <[C1:C4], Iteration> can be: & : bitwise AND
to 5,1; ~| : bitwise NOR to 3,1; ~ : bitwise XOR to 2, 1.
[00186] The LabVIEW VI shown above has 26 software registers (one each mapped to

the variables a to z). The compiler can take instructions in the above format, reads the
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src_regl and src_reg2 values, and can convert the instructions into the following format:
<C1:C4> <lteration>,<operandl>,<operand2>

[00187] This is the machine code that then reconfigures the chaogate. And the output
obtained is stored in the dst_reg software register.

[00188] An assign statement can have the format: <dest reg> = <value>. In the
compiler, this can be converted to : assign <dest_reg>,<value>. The instruction may not reach
the chaogate, but can be used to assign values to the software registers in LabVIEW.

[00189] A print statement can have the format: Print <reg>. In the compiler, the
instruction can be converted to : print <reg>. The instruction may not reach the chaogate,
but can be used to print current software register values.

[00190] FIG. 42 depicts an example of a flow chart for compiling instructions for a
dynamics-based reconfigurable logic block.

[00191] FIG. 43 is a block diagram of a computing device 4300 for using a dynamics-
based reconfigurable logic block 4312. The computing device 4300 can include a processing
device 4310 configured for executing program code stored in the memory 4320. Examples of
the processing device 4310 can include a microprocessor, an application-specific integrated
circuit (“ASIC”), a field-programmable gate array (“FPGA”), or other suitable processing
device. The processing device 4310 can include the dynamics-based reconfigurable logic
block 4312, a voltage encoder 4314, and a voltage decoder 4316. The voltage encoder 4314
can be conductively coupled to the dynamics-based reconfigurable logic block 4312 for
applying an input voltage and a control voltage to the dynamics-based reconfigurable logic
block 4312. The voltage decoder 4316 can be conductively coupled to the dynamics-based
reconfigurable logic block 4312 for reading an output of the dynamics-based reconfigurable
logic block 4312 to determine a result of an operation performed on the input voltage by the
dynamics-based reconfigurable logic block 4312. Although FIG. 43 depicts the dynamics-
based reconfigurable logic block 4312, voltage encoder 4314, and voltage decoder 4316 as
included in the processing device 4310 other implementations are possible. For example, a
voltage encoder and a voltage decoder can be independent components from a processing
device and communicatively coupled to the processing device.

[00192] The processing device 4310 can include {or be communicatively coupled with)

a non-transitory computer-readable memory 4320. The memory can include one or more
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memory devices that can store program instructions. The program instructions can include,
for example, a logic engine 4322 that is executable by the processing device to perform
certain operations described herein.

Immunity to Side-Band Attacks at the Gate Level

[00193] In some aspects, conventional gates and computing systems leak vital and
critical information such as the data or the type of computation performed on this data
through side bands. A vulnerability exists that could result in private information being
obtained by monitoring the power consumption of a system. Different solutions have been
proposed to guard and protect data against side-band attacks, but the approaches require an
additional, relatively high power module to hide and mask the leaked signatures.

[00194] In some examples, using a chaotic systems can create immunity or increase
immunity to side band attacks. Integrated circuits have been fabricated for chaos computing
in which the same circuit implements different operations. As a result, chaos computing
combined with its intrinsic ergodicity can result in a computing system that has the same
averaged system characteristics regardless of which logic gate is controlled. The technology
could be valuable to system engineers concerned with side-band attacks.

Stochastic Chaos Computing

[00195] Chaos computing circuits can be used outside of digital processing to include
analog inputs and outputs. For example, chaos computing circuits can be used to convert
analog inputs to digital inputs, remove noise from analog inputs, and convert digital signals
to stochastic format. In a stochastic format, complex digital operations such as multiplication
can be implemented using a single Boolean logic gate. In some examples, these tasks can be
completed using just seven operational amplifiers, two switches, two capacitors, and a few
resistors.

[00196] Signals within a computer system are digital. But, not all of these signals and
values are originally digital in nature. For example, an embedded computer system in a coffee
machine may monitor analog variables (e.g., temperature of the intake water, temperature
of the coffee, and the steam pressure). These variables are digitalized to allow the embedded
computer to process them. Chaos computing circuits can provide a smaller, slimmer data
acquisition system where chaos based computing performs the tasks of multiple blocks in the

chain, therefore saving power and silicon area.
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[00197] Stochastic computing is a type of approximate computing. Numbers are
assumed to be scaled in an interval [0, 1], and each number is encoded as a random stream
of 0's and 1’s, where the probability of the appearance of 1 in each location of the stream
equals the number that the stream is supposed to represent:

3(0) = (@icr,.v and o € {0,1} (16)

P, =1)=1
where 7 is a real valued number that we intend to transform to the stochastic computing
format,

€ [0,1], (a;)i=12,..n is the produced bit stream in stochastic computing format, J is the
function that performs this transformation, and N is the arbitrary length of the stream.
[00198] As an example, the real valued number .5 could be encoded as a stream of, for
example 100 0’s and 1’s, N=100, where the probability of 1is .5. As a result, we expect that
there will be about 50 1’s in the stream and 50 0’s. To decode the real valued number from
the stream, we simply count the number of 1’s in the stream.
[00199] If the process of encoding numbers to stochastic computing format is done
using statistically independent random processes, then complex operations such as
multiplication are easily executed using an AND gate. This feature is a simple corollary of
probability of independent events in probability theory: P(x AND y) = P(x) x P(y)
[00200] This means that after encoding x and y to a stochastic computing format, the
two streams can be feed into an AND gate, and the output stream of the AND gate represents
the multiplication result.
[00201] Other complex operations such as addition can be implemented using
stochastic computing. Implementing complex operations with simple gates can reduce the
power consumption and area required by several orders of magnitude. The computation cost
is in transforming the real valued number to the stochastic computing format.
[00202] Nonlinear dynamics and chaos computing can be used to perform stochastic
computing and can convert real valued numbers to the stochastic computing format cheaply.
[00203] For example, when a real-valued input is used as a threshold value for
partitioning the state space and producing the symbolic dynamics for a nonlinear oscillator,
the resulting symbolic sequence could be the real-valued number in a stochastic computing

format. In some aspects, piece-wise linear systems (e.g., a tent map system) can efficiently
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convert to the stochastic format. With the Tent map, the input x,,can be mapped to the

output x,, ; as follows:

2%, ifx, <05
— : 17
nt1 {2 —2x, ifx, =05 (17)
[00204] When 7, T € [0,1] is used as a threshold value to symbolize an iterated Tent
map as follows:
(L, ifxy <t
% _{O ifx; =1 (18)

the resulting symbolic sequence (a;) is the threshold value 7 in the stochastic computing
format.

[00205] In some aspects, a simple chaotic oscillator with a threshold mechanism can
efficiently transform real-valued numbers to a stochastic computing domain, where
multiplication can be executed with an AND gate. This can allow the advantages of stochastic
computing to be accessible at minimal cost by using chaotic nonlinear circuits.

[00206] FIG. 44 depicts an example of chaotic nonlinear circuits 4410a-b being used to
implement stochastic computing. Two real-valued, analog numbers 71 and 71 can be the
inputs. The nonlinear circuits 4410 (in this case iterated Tent maps) start from any arbitrary
or fixed initial condition, and their symbolic sequences are transformed to streams of ‘0’s and
1’s, (a;) and (B;). By feeding these two streams to an AND gate 4420, the multiplication of
two real-valued inputs can be obtained.

[00207] The nonlinear circuits can transform analog inputs to digital bits. The nonlinear
circuits can further transform the inputs to a stochastic computing format, in which complex
operations can be simply implemented using basic logic gates. For example, here
multiplication is implemented with an AND gate.

[00208] In some example, chaos-based stochastic computing can also reduce the
amount of noise on the input lines, 71 and 7. For example, the 71 value can be varying due to
noise, while it is applied as the threshold value. But, the effects of noise on the threshold
value will be averaged out as the streams of ‘0’s and ‘1’s are being produced. In some aspects,
the longer the length of the stream N is, the more precise the result of the computation. This
implies that the precession of calculation is arbitrary and adjustable, and can be changed or
adjusted after the system is fabricated. Allowing the system to be adjusted after fabrication

can reduce the power consumption of the system when less precision is required.
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[00209] Chaos based stochastic computing can allow for multiplication and other
complex operations to be replaced by simple Boolean gates such as AND gate, as a result the
chaos based stochastic computing can be a low power, low area solution. In some examples,
chaos based stochastic computing can use ten times less power and area than binary
computing. In some aspects, chaos based stochastic computing can directly accept analog
inputs from the environment, and create digital output for processing, communication, or
storage. This can be useful in internet of things nodes or in artificial intelligence solutions in
which analog sensory data is being processed. In some aspects, chaos stochastic computing
can also be robust to additive noise, be used in parallel processing, and have selective
precision.

[00210] In some aspects, chaos stochastic computing can be used in image processing.
For example, a system may include a series of image sensors, e.g. CMOS image sensors, where
each sensor produces an analog value. The sensors can be aimed at an object, e.g., a U.S.
Navy Blue Angels fighter jet. A grayscale digital picture may be obtained with a resolution of
345x527. Each pixel can be coded by an 8-bit number, {0, 1, 2, 3, ..., 255}. 0 s black, 255 is
white, and the other numbers in between are different shades of gray. Next a chaos-based
method can be used to convert each analog sensor reading to a stream of 0’s and 1’s. As the
length, N, of the stream, increases, the precision of the analog to digital conversion and the
quality of the image increases as well even when the chaos-based circuits are used for the
conversion.

[00211] In some examples, the analog readings can be very noisy. The chaos-based
analog to digital conversion can almost completely remove noise from analog readings if
there is no sample and hold circuit, and the comparator directly receives the analog inputs.
At each iteration of the chaotic circuit, which results in the production of a new bit in the
digital stream, the comparator compares the chaotic state with an instant value of the analog
readings. Sometimes due to noise, the analog reading will be higher than the actual, noise
free value, meaning that the produced bit is more likely to be 1; and sometime it will be lower,
implying that the produced bit would be less likely to be 1. But, the analog value can be
represented by a stream of the 0’s and 1’s, where the number is encoded as the ratio of the
number of 1’s to the length of the stream. The higher and lower probabilities of 1 caused by

noise will average out each other’s effects on the stream.
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[00212] In this example, when the sample and hold circuit are removed and the analog
readings flow directly into the chaos-based analog to digital conversion mechanism, the
signals being read vary at a lower rate than the rate at which the chaos-based analog to digital
convertor operates. In many embedded applications this assumption holds true. In many
embedded applications, such as a coffee machine or an autonomous driver-less car, the rate
that the signals vary is not too high. In some examples, chaos-based convertors can be
designed and fabricated that iterate and produce digital bits at rates exceeding 100 MHz
allowing the system to obtain a digital representation of an analog value before it has an
opportunity to change.

[00213] In some aspects, the stochastic format can be easily converted to regular
weighted digital format to reduce the bandwidth. A simple conventional counter can be used
to count the number of the 1's in a stream, and that is going to be the regular weighted digital
format. To create an analog output from the stochastic format, one can use an integrator to
integrate the pulses of the stream. The number is encoded as the number of the 1’s, so an
integrator is integrating the pulses, and the value of the integration is going to be proportional
to the number of the pulses in the stream.

[00214] In some examples, a system can include multiple nonlinear oscillators each
coupled with a comparator for determining a threshold voltage based on an analog input.
The analog input can be obtained from the environment of the comparator. The system can
further include a deep learning neural network coupled to outputs of the comparators for
receiving digital stochastic data representing the analog inputs and performing complex
operations with simple logic gates.

Nonlinear Dynamics-Based Hardware Accelerator for Artificial Intelligence

[00215] Machine-learning techniques can be mated with non-linear dynamics-based
reprogrammable hardware. Machine-learning can be used to automate the process of
programming the hardware. The chaos-based reconfigurable hardware can be considered a
platform or an accelerator for Al and learning at the circuit level.

[00216] As described above, an architecture can include four two-input, one-output
reconfigurable gates arranged in a column. The gates can receive new inputs from input pins
of a chip or outputs of gates from previous computations can be fed-back to the gates again.

Multiplexers can be programmed to select different inputs to each input line of each gate.
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Both the reconfigurable gates and the multiplexers can be programmable. This architecture
can provide a suitable platform for Al and learning mechanisms. By changing the
programming inputs, the hardware can be programmed to implement different objective
functions and behaviors. By automating this programming method such as combining the
programmable hardware with machine learning techniques, the architecture becomes an
evolvable hardware that can evolve and learn to implement different operations with no need
to direct programming.

Model-based automatic design

[00217] In some aspects, a model of the reconfigurable gate in terms of its instruction
set, which explains the relationship between the control inputs to a reconfigurable gate and
the type of functions it implements for each control input is used. In additional or alternative
aspects, a model for the architecture that combines these reconfigurable gates in a column
and connects their outputs back to their inputs is used. Machine-learning techniques can be
applied to this computer model to find the control inputs that program and connect this
column of reconfigurable gates to implement different desired high-level functions. Then
these control inputs can be applied to the actual fabricated integrated chip, and investigated
and confirmed that the obtained programing inputs are correct and they can program the
physical, fabricated integrated chip to implement those high-level objective functions.
[00218] In one example, a genetics algorithm can be used as a machine learning
technique to train the model. But, other machine learning techniques can be also applied.
The genetic algorithm isimplemented as a C++ code. This code is run on a personal computer,
and the same computer program is provided with the model architecture. The genetic
program can train the model architecture, and at the end gives the proper programing input
that programs the hardware to implement the desired objective function.

[00219] The architecture can be composed of four reconfigurable gates (e.g., one less
than the architecture in FIG. 34). Each reconfigurable gate can be modeled with its instruction
set, which says which function each reconfigurable gate implements when different control
inputs are applied. Different control inputs can be applied to each reconfigurable gate inside
the fabricated chip, and different associations between control inputs and the type of
function that the gate implements can be observed. These associations can form an

instruction set. The instruction set can be a part of the model for the chip. The table in FIG.
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51 is the instruction set obtained for a single column architecture with four reconfigurable
gates. Note that all four gates have the same instruction set because they have the identical
circuit design and implementation. Each reconfigurable gate can receive four control bits,
and can implement different two-input, one-output combinational functions. The first
column is the four-bit control inputs to program the gate and the second column is the
function number that the gate implements.

[00220] The function number is a unique number to label and identify different
functions. The function number for each function can be obtained based on the outputs of
the function when different combinations of the inputs are applied to the gate. As an
example, when different input combinations 00, 01, 10, and 11 are applied to the gate and
the outputs are 1, 0, 1, and 0, the function can be labeled as function number 10 because 10
is the output in weighted binary format: 1(MSB)x23+0x2%+1x2+0(LSB)x2° =10.

[00221] The rest of the model is the connections in terms of how the inputs are
connected to the reconfigurable gates via multiplexers, how the output of the gates are fed
back to their inputs, and how these connections can be programmed. The aim of programing
is to program this column of reconfigurable gates to implement different objective functions
and operations.

[00222] In this example, the training is a supervised technique, and therefore the
learning technique can use a benchmark to assess the operation of the trainee and to assign
a fitness value to it. The genetic algorithm can uses this table as a benchmark to evaluate the
performance of different programing inputs and to assign a fitness value to them.

[00223] Some of the parameters can be set manually. Alternatively these parameters
could be included as additional learning parameters. In this example, the number of columns
was set to five. The number of columns can indicate how many times the outputs of the gates
are fed back to the input lines of the gates to perform more computation on them before
producing the final outputs. The reconfigurable gates can be programmed differently for each
column. Different control inputs can be provided for different columns.

[00224] In this example, new inputs can be applied to column 1. Column two, three,
four, and five can receive the outputs of the gates from their previous columns as their inputs.

The programmable multiplexers can perform this task of selecting different outputs of the
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gates to be used as the new inputs. In additional or alternative examples, a mixed
architecture can be used in which new inputs could be used in other columns as well.
[00225] The reconfigurable gates can be designed and fabricated to have an internal
iteration number. This iteration number can determines how long the dynamics-based gate
should evolve over time before producing outputs. In this example, the internal iteration
number is set to 1. Other parameters related to the genetic algorithm such as maximum
(target) fitness value, population size, and mutation rate can change as the results evolve and
converge to the objective function, and a maximum allowed number of genetic algorithm
iterations.

Direct training of the fabricated chip:

[00226] In some aspects, no modeling is involved, instead the actual fabricated chip
can be directly trained and evolved to implement the desired objective functions. At each
iteration of the learning, the computer system that executes and manages the learning
algorithm can fed a set of control inputs to the fabricated chip to reprogram it and to observes
the outputs of the chip, and then based on how well or badly the chip implemented the
objective function, the learning algorithm adjusted and changed the control inputs to further
improve the performance of the chip in implementing the that objective function. This
process can be repeated until the desired objective function or behavior is achieved.

[00227] The genetic algorithm can be written in the form of a LabVIEW IDE program.
The algorithm can apply different programing inputs to the chip, and obtain real outputs from
the fabricated chip to determine the fitness value of the current circuit design.

[00228] In some examples, Hamming weight can be examined as an objective function.
Hamming weight of a binary string is the number of 1’s in the stream. Similar to model based
learning, some assumptions can be made and some parameters can be set manually,
although the system can also learn them. The iteration number that adjusts how long the
dynamics-based gate should evolve over time before producing the outputs can be set to
one. The number of columns can be set to three, assuming that three columns are enough
to implement this objective function. The inputs can be fed to the first column, and the
output of the three gates from column three can be considered as the outputs.

[00229] The same genetic algorithm described above can be used, but instead of using

a model of the chip, now the programing inputs can be directly sent to the fabricated chip to
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program it and the outputs can be obtained from the fabricated chip. These data delivery
and acquisition can be performed with a data acquisition system. The learning algorithm can
observes how well or badly the fabricated chip implements the objective functions and
changes the programing inputs accordingly. In this example, the algorithm converged and
after 1240 iterations of the algorithm, the fabricated circuit was able to perform the Hamming
weight.

[00230] Nonlinear dynamics-based hardware can be reconfigurable and flexible, and
can be reprogrammed to implement different functions. Leaning can be implemented at the
circuit level and hardware can evolve to implement an objective function. In some aspects, a
model of hardware can be used for training and learning purposes. In additional or alternative
aspects, the hardware itself can be put in a loop with a learning method to evolve and learn
how to implement different objective functions. In some examples, the model-based learning
can be faster because it does not require live communications between the hardware and the
training module. Model based-learning can be a design-time process in the sense that the
programing inputs can be found during the design of the system and then they can be
hardwired into the hardware. In some examples, direct training of the hardware avoids
modeling. Models have limitations and may not fully represent the exact operation of the
hardware, the possible faults or imperfections within the system, or the interactions between
the hardware and the environment that the hardware is located. In direct training of the
hardware all those parameters and factors are included in the training. And the learning
method automatically adjusts the programing inputs to compensate the effects of those
factors. In some aspects, direct programing of the hardware can be repeated after the initial
design of the hardware and during deployment of the hardware in order to further tune and
adjust the hardware for better compatibility and adaptation to possible internal errors or
external changes.

[00231] The foregoing description of certain examples, including illustrated examples,
has been presented only for the purpose of illustration and description and is not intended to
be exhaustive or to limit the disclosure to the precise forms disclosed. Numerous
modifications, adaptations, and uses thereof will be apparent to those skilled in the art

without departing from the scope of the disclosure.
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Claims

What is claimed is:

1. A system comprising:

a nonlinear circuit for performing an operation on an input signal, the operation being
changeable;

a decoder communicatively coupled to the nonlinear circuit for receiving an output
signal from the nonlinear circuit that results from the operation performed on the input
signal, for comparing the output signal to a threshold value, and for determining a result of
the operation; and

an encoder for generating the input signal and a control signal, wherein the nonlinear
circuit is communicatively coupleable to the encoder for receiving the input signal and the
control signal and for determining the operation from a plurality of operations based on the

control signal.

2. The system of claim 1, wherein the nonlinear circuit is configured to perform the
operation on an input voltage representing the input signal, wherein the decoder includes a
voltage decoder configured to receive an output voltage representing the output signal,
wherein the encoder includes a voltage encoder configured to generate the input voltage and

a control voltage representing the control signal.

3. The system of claim 2, wherein the input voltage is a plurality of input voltages, and
wherein the nonlinear circuit is configured for performing the operation by performing at
least one of a signal processing operation, logic operation, an arithmetic operation, or an

analog-to-digital conversion.

4, The system of claim 3, wherein the nonlinear circuit is a discrete nonlinear circuit, the
system further comprising a feedback loop to provide an output of the nonlinear circuit as an
input to the nonlinear circuit, the discrete nonlinear circuit being communicatively coupled
to the voltage encoder for performing a number of iterations of the feedback loop based on

the control voltage and determining the output voltage is an interim voltage after the number
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of iterations are performed, wherein the discrete nonlinear circuit has a fixed number of
transistors for performing a plurality of operations and a linear increase in the number of

iterations corresponds to an exponential increase in a number of the plurality of operations.

5. The system of claim 4, further comprising a processing device for training the discrete
nonlinear circuit by applying different control voltages for a series of iterations and recording
the operations implemented by the discrete nonlinear circuit for the different control
voltages after each iteration for use by the voltage encoder in determining subsequent

control voltages.

6. The system of claim 4, wherein the nonlinear circuit is a first nonlinear circuit and the
feedback loop includes a second nonlinear circuit, the voltage decoder being
communicatively coupled to an output of both the first nonlinear circuit and the second
nonlinear circuit for determining a result of multiple operations at substantially the same

time.

7. The system of claim 1, wherein the nonlinear circuit forms a nonlinear oscillator,
wherein the decoder determines the threshold value based on an analog input, and result of

the operation is the analog input in a digital stochastic format.

8. The system of claim 7, further comprising a logic gate conductively couple to the
decoder for receiving the result and digital stochastic data, an output of the logic gate being
a result of a complex operation performed on a real number version of the result and a real

number version of the digital stochastic data.

9. The system of claim 8, wherein the logic gate includes an AND gate, and an output of

the AND gate being a multiplication of the real number version of the result and the real

number version of the stochastic data.
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10. The system of claim 7, wherein result of the operation is a stream of digital data
representing the analog input, the stream of digital data having a lower noise level than the

analog input.

11. The system of claim 7, wherein nonlinear circuit includes a plurality of nonlinear
circuits for forming a plurality of nonlinear oscillators, wherein the decoder comprises a
plurality of decoders for determining a plurality of threshold values based on a plurality of
analog inputs obtained from an environment of the decoders, the system further comprising
a deep learning neural network coupled to outputs of the plurality of decoders for receiving

a plurality of digital stochastic data representing the plurality of analog inputs.

12. The system of claim 1, wherein the nonlinear circuit includes a plurality of nonlinear

circuits for being coupled in parallel to reduce noise at the output of the nonlinear circuit.

13. The system of claim 1, wherein the nonlinear circuit includes a plurality of nonlinear
circuits for being coupled in series such that the output signal is the result of passing through

the plurality of nonlinear circuits.

14. The system of claim 1, further comprising:
a processing device communicatively coupled to the encoder; and
a non-transitory computer-readable medium in which instructions executable by a
processing device are stored for causing the processing device to:
receive a program instruction; and
determine the input signal and control signal to be generated by the encoder

for executing the program instruction.

15. The system of claim 14, wherein the non-transitory computer-readable medium
includes additional instructions executable by the processing device for causing the
processing device to implement learning and artificial intelligence using nonlinear dynamics

of the nonlinear circuit, the nonlinear dynamics providing the nonlinear circuit with flexibility
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to perform different operations of a plurality of operations performable by the nonlinear

circuit in response to different input signals or environmental conditions.

16. The system of claim 15, wherein the non-transitory computer-readable medium
includes additional instructions executable by the processing device for causing the

processing device to learn to perform the different operations in response to training.

17. The system of claim 15, wherein the non-transitory computer-readable medium
includes additional instructions executable by the processing device for causing the
processing device to receive a desired output, the system selecting the operations executed

by the nonlinear circuit to cooperate within the system to deliver the desired output.

18. The system of claim 1, wherein the nonlinear circuit is a continuous-time nonlinear
circuit, wherein the decoder is communicatively coupled to the continuous-time nonlinear
circuit for receiving an output signal a predetermined time after the input signal is applied to
the continuous-time nonlinear circuit, the predetermined time being based on a type of the

operation.

19. The system of claim 1, wherein the nonlinear circuit is configured to perform the
operation on an input current representing the input signal, wherein the decoder is a current
decoder configured to receive an output current representing the output signal, wherein the
encoder includes a current encoder configured to generate the input current and a control

current representing the control signal.

20. The system of claim 1, wherein the nonlinear circuit is for protecting the system from

side-band attacks by generating constant system characteristics regardless of the operation.

21. A method for using nonlinear dynamics of dynamically changing hardware to

implement learning and artificial intelligence, the method comprising:
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providing dynamically changing hardware having nonlinear dynamics for providing the
dynamically changing hardware with flexibility to react differently to different inputs or
environmental conditions; and

learning, by the dynamically changing hardware, how to morph itself to perform

different reactions from a plurality of inherent reactions.

22. The method for using nonlinear dynamics of dynamically changing hardware to
implement learning and artificial intelligence of claim 21, wherein learning how to morph
itself to perform different reactions further comprises receiving, by the dynamically changing
hardware, instructions to morph itself to perform a reaction from the plurality of inherent

reactions in response to a control input.

23. The method for using nonlinear dynamics of dynamically changing hardware to
implement learning and artificial intelligence of claim 21, wherein learning how to morph
itself to perform different reactions further comprises receiving, by the dynamically changing
hardware, a desired output, the dynamically changing hardware morphing itself to select

operations executed by the dynamically changing hardware to deliver the desired output.

24, A system comprising:

a nonlinear oscillator; and

a comparator communicatively coupled to the nonlinear oscillator for receiving an
output signal from the nonlinear oscillator and for determining a result by comparing the
output signal to a threshold value, the threshold value being based on an analog input, and

the result being the analog input in a digital stochastic format.

25. The system of claim 24, further comprising a logic block including a first input port
conductively coupled to the comparator for receiving the result and a second input port for
receiving data in the digital stochastic format, an output of the logic block being a result of a
complex operation performed on a real number version of the result and a real number

version of the data.
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26. The system of claim 25, wherein the logic block include an AND gate for outputting a
multiplication of the real number version of the result and the real number version of the

data.

27. The system of claim 24, wherein the comparator is configured to determine the result,
the result being a stream of digital data representing the analog input, the stream of digital

data including a reduced noise level than the analog input.

28. The system of claim 24, wherein nonlinear oscillator includes a plurality of nonlinear
oscillators, wherein the comparator comprises a plurality of comparators for determining a
plurality of threshold voltages based on a plurality of analog inputs obtained from an
environment of the comparators, the system further comprising a deep learning neural
network coupled to outputs of the plurality of comparators for receiving a plurality of digital

stochastic data representing the plurality of analog inputs.

29. A non-transitory computer-readable medium in which instructions executable by a
processing device are stored for causing the processing device to:

receive program instructions to execute an operation;

determine machine code instructions based on the program instructions; and

configure a dynamics-based logic block to perform the operation by determining a
control signal to apply to the dynamics-based logic block and determining an amount of time
to wait before reading the output of the dynamics-based logic block, the dynamics-based logic
block including a nonlinear circuit that is reconfigurable to perform a plurality of operations
and a feedback loop such that an output of the nonlinear circuit is fed back to an input of the

nonlinear circuit.

30. The non-transitory computer-readable medium of claim 29 further comprising
additional instructions executable by the processing device to determine a configuration for
the dynamics-based logic block based on testing the dynamics-based logic block using
different control signals and determining an operation performed in response to each control

signal.
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31. The non-transitory computer-readable medium of claim 29, further comprising
additional instructions executable by the processing device to configure the nonlinear circuit

to operate as an analog-to-digital converter.

32. The non-transitory computer-readable medium of claim 29, further comprising
additional instructions executable by the processing device to train the nonlinear circuit by
applying different control signals for a series of iterations and recording the operations
implemented by the nonlinear circuit for the different control signals after each iteration for

use by a encoder in determining subsequent control signals.

33. The non-transitory computer-readable medium of claim 29, wherein the instructions
for causing the processing device to configure the dynamics-based logic block further
comprises instructions for determining a number of clock cycles to wait before reading the
output of the dynamics-based logic block, the nonlinear circuit including a discrete nonlinear
circuit that performs a different operation based on the number of clock cycles that pass

between reading the output.

34. The non-transitory computer-readable medium of claim 29, further comprising
additional instructions executable by the processing device for causing processing device to:
apply an input voltage and a control voltage representing the control signal to the
dynamics-based logic block; and
determine a result of performing the operation on the input voltage by reading the

output of the dynamics-based logic block after the amount of time.

35. The non-transitory computer-readable medium of claim 34, wherein the dynamics-
based logic block is a first dynamics-based logic block, the non-transitory computer-readable
medium further comprising additional instructions executable by the processing device for
causing processing device to determine another result of performing another operation on
the input voltage by reading an output of a second dynamics-based logic block included in the

feedback loop after the amount of time.
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36. The non-transitory computer-readable medium of claim 29, further comprising
additional instructions executable by the processing device for causing processing device to
protect the processing device from side-band attacks by causing the dynamics-based logic
block to generate constant system characteristics regardless of the operation of the plurality

of operations being performed.

37. A method comprising:

iteratively applying an output of a nonlinear circuit to an input of the nonlinear circuit
initialized with control signals and initialization signals; and

monitoring the output and determining a logic operation associated with the output

relative to the initialization signals.

38. The method of claim 37, further comprising:

storing control voltages representing the control signals in a database associated with
the logic operation; and

subsequently applying the control voltages associated with the logic operation to the

nonlinear circuit to cause the nonlinear circuit to perform the logic operation.

39. The method of claim 38, further comprising:

causing the nonlinear circuit to implement a first operation of a plurality of operations
on a first input voltage based on a first control voltage; and

causing the nonlinear circuit to implement a second operation of the plurality of
operations on a second input voltage based on a second control voltage, the second operation

being different than the first operation.

40. The method of claim 39, wherein the plurality of operations include a logic operation,

an arithmetic operation, and an analog-to-digital conversion.

41. The method of claim 37, further comprising:

receiving, by the nonlinear circuit, information representing a desired output; and
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reconfiguring, by the nonlinear circuit, the operations performed by the nonlinear

circuit to obtain the desired output.

42. The method of claim 37, further protecting a computer system from side-band attacks
by using the nonlinear circuit to perform the logic operation, the nonlinear circuit maintaining

constant system characteristics regardless of a type of the logic operation.

43, The method of claim 37, wherein iteratively applying the output of the nonlinear
circuit to the input of the nonlinear circuit further comprises conductively coupling the output
of the nonlinear circuit to an input of an additional nonlinear circuit and conductively coupling
an output of the additional nonlinear circuit to the input of the nonlinear circuit, wherein
monitoring the output and determining the logic operation associate with the output

comprises monitoring the output of both nonlinear circuits.

44, A method comprising:

receiving a plurality of input values and a plurality of control values; and

performing a plurality of operations on the input values using a fixed number of
transistors of a dynamics-based logic block coupled to a circuit board, an operation of the
plurality of operations being performed on an input value of the plurality of input values being

based on a control value of the plurality of control values.

45, The method of claim 44, wherein performing the plurality of operations comprises
adjusting a the control value and a number of iterations to feed an output of the dynamics-

based logic block to an input of the dynamics-based logic block.

46. The method of claim 45, further comprising:
receiving the input value including an input voltage and a desired output; and
determining the control value and number of iterations for causing the dynamics-

based logic block to output the desired output.
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47. A method comprising:

initializing a continuous-time nonlinear circuit based on a control signal and an input
signal; and

determining a result of performing a specific operation of a plurality of operations on
the input signal based on an output of the continuous-time nonlinear circuit after a

predetermined time based on the specific operation.

48. A method comprising:

configuring a plurality of nonlinear circuits to perform a specific operation based on a
control signal, each nonlinear circuit of the plurality of nonlinear circuits configurable to
perform a plurality of operations based on a control signal; and

coupling an output of the plurality of nonlinear circuits in parallel to reduce noise at

the output of the nonlinear circuits.

49, The method of claim 48, wherein configuring the plurality of nonlinear circuits
comprises determining a number of iterations to feed an interim output of the plurality of

nonlinear circuits back into an input of the nonlinear circuits.

50. A method comprising:

initializing a discrete-time nonlinear circuit based on a control signal and an input
signal; and

determining a result of performing a specific operation of a plurality of operations on
the input signal based an output of the discrete-time nonlinear circuit after a predetermined
number of iterations for applying an interim output of the discrete-time nonlinear circuit to

an input of the discrete-time nonlinear circuit.

51. A method comprising:

initializing a plurality of discrete-time nonlinear circuits based on a control signal and

an input signal, the plurality of discrete-time nonlinear circuits being coupled in series; and
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determining a result of performing a specific operation of a plurality of operations on
the input signal based on an output of the plurality of discrete-time nonlinear circuit, wherein

a value of the control signal determines the specific operation.

52. A method comprising:

causing a transistor circuit to implement a first operation of a plurality of operations
to afirst input signal based on a first control signal; and

causing the transistor circuit to implement a second operation of the plurality of
operations a second input signal based on a second control signal, the second operation being

different than the first operation.

53. The method of claim 52, wherein the plurality of operations include a logic operation,

an arithmetic operation, and an analog-to-digital conversion.
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