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abstract

Chaotic systems are great pattern generators and theiirdefeature, sensi-
tivity to initial conditions, allows them to switch betwegatterns exponentially
fast. We exploit such pattern generation by “tuning” repreative continuous and
discrete chaotic systems to generate all logic gate funstid/e then exploit ex-
ponential sensitivity to initial conditions to achieve idgwitching between all the
logic gates generated by each representative chaotic eteWh this as a starting
point we will present our progress on the construction of @otic computer chip
consisting of large numbers of individual chaotic elemehn# can be individually
and rapidly morphed to become all logic gates. Such a chipraf/a of morphing
chaotic logic gates can then be programmed to perform higtaer functions (such
as memory, arithmetic logic, input/output operations), and to rapidly switch be-
tween such functions. Thus we hope that our reconfiguralaletahcomputer chips
will enable us to achieve the flexibility of field programmealglate arrays (FPGA),
the optimization and speed of application specific integtaircuits (ASIC) and the
general utility of a central processing unit (CPU) withie tame computer chip ar-
chitecture. Results on the construction and commerciaizaf the ChaoLogiXV
chaotic computer chip will also be presented to demonspaigress being made
towards the commercialization of this technology ( httwiv.chaologix.com).
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1 Introduction

It was proposed in 1998 that chaotic systems may be utiliaetbsign computing
devices [1]. In the early years the focus was on proof-ofigple schemes that
demonstrated the capability of chaotic elements to do us@lecomputing. The
distinctive feature of this alternate computing paradigas\that they exploited the
sensitivity and pattern formation features of chaotic sys.

In subsequent years, it was realized that one of the mostipirogrdirection of
this computing paradigm is its ability to exploit a singleactic element to reconfig-
ure into different logic gates through a threshold baseddmog mechanism [2, 3].
In contrast to a conventional field programmable gate arl@yent, where recon-
figuration is achieved through switching between multiphge purpose gates, re-
configurable chaotic logic gates (RCLGs) are comprised abtib elements that
morph (or reconfigure) logic gates through the control of plagern inherent in
their nonlinear element. Two input RCLGs have recently beatized and shown
to be capable of reconfiguring between all logic gates inrdtsccircuits [4, 5, 6].
Additionally such RCLGs have been realized in prototype VEiguits (0.13um
CMOS, 3Mhz clock cycles) that employ two input reconfigurable chaotigi¢
gates arrays (RCGA) to morph between higher order funcgaoh as those found
in a typical arithmetic logic unit (ALU) [7].

In this article we first recall the theoretical scheme forifdeximplementation of
all these fundamental logical operations utilizing low dimsional chaos [2], and the
specific realisation of the theory in a discrete-time andrdinaous-time chaotic cir-
cuit. Then we will present new results on the design of regoméible multiple input
gates. Note that multiple input logic gates are preferremhinéor reasons of space
in circuits and also many combinational and sequentiatlogerations can be real-
ized with these logic gates, in which one can minimize thgagation delay. Such
a multiple input CGA would make RCLGs more power efficientrease their per-
formance and widen their range of applications. Here weiipaty demonstrate
a three input RCLG by implementing representative fundded&OR and NAND
gates with a continuous-time chaotic system.

2 Concept

In order to use the rich temporal patterns embedded in ameanlitime series effi-
ciently one needs a mechanism to extract different respdnsm the system, in a
controlled manner, without much run-time effort. Here wepdoy a threshold based
scheme to achieve this [8].

Consider the discrete-time chaotic map, with its stateasgmted by a variable
as ourchaotic chip or chaotic processor. In our scheme all the basic logic gate op-
erations (AND, OR, XOR, NAND, NOR, NOT) involve the followgrsimple steps:
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1. Inputs:
X — Xo+ 11+ 1> for 2-input gates such as the AND, OR, XOR, NAND and NOR
operations, and
X — Xg+ | for the 1-input gate such as the NOT operation.

HereXxg is the initial state of the system, and the input value O when logic
input is 0 and =V, when logic input is 1 (wher¥i, is a positive constant).

2. Dynamical update, i.ec— f(x)

wheref (x) is a strongly nonlinear function.

3. Threshold mechanism to obtain outpyt
Vo=0if f(x) <E, and
Vo=Tf(x)—Eif f(x) >E
whereE is the threshold.
This is interpretated as logic output 04§ = 0 and Logic Ouput 1 i¥ ~ Vip.

Since the system is chaotic, in order to specify the in@galccurately one needs
a controlling mechanism. Here we will employ a thresholdtoalter to set the ini-
tal Xp. So in this example we use the clipping action of the threkkohtroller to
achieve the initialization, and subsequently to obtaintigput as well.

Note that in our implementation we demand that the input artpld have equiv-
alent definitions (i.e. 1 unit is the same quantity for inpatl autput), as well as
among various logical operations. This requires that @nist, assumes the same
value throughout a network, and this will allow the outputooie gate element to
easily couple to another gate element as input, so that gatelke “wired” directly
into gate arrays implementing compounded logic operations

In order to obtain all the desired input-output responsethefdifferent gates,
we need to satisfy the conditions enumerated in Table 1 samebusly. So given a
dynamicsf (x) corresponding to the physical device in actual impleméniabne
must find values of threshold and initial state satisfyirg¢bnditions derived from
the Truth Tables to be implemented.

For instance, Table 2 shows the exact solutions of the inggiand thresholdE
which satisfy the conditions in Table 1 when

f(x) =4x(1—x)

The constan¥i, = %1 is common to both input and output and to all logical gates.
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Logic Operation| Input Set (3, 12) | Output| Necessary and Sufficient Conditign
(0,0 0 f(x) <E
AND (0,1)/(1,0) 0 f(Xo+Vin) <E
(1,2) 1 f(X0+2Vin) —E =Vin
(0,0 0 f(x) <E
OR (0,1)/(1,0) 1 f(Xo+Vin) —E =Vin
1.1 1 f(Xo+2Vin) —E =Vin
(0,0 0 f(x) <E
XOR (0,1)/(1,0) 1 f(Xo+Vin) —E =Vin
(1,1) 0 f(Xo+2Vin) <E
0.0) 1 (%) — E = Vin
NOR (0,1)/(1,0) 0 f(Xo+Vin) <E
1,1 0 f(Xo+2Vin) <E
0.0 1 (%) — E = Vin
NAND (0,1)/(1,0) 1 f(Xo+Vin) —E = Vin
(1,1) 0 f(Xo+2Vin) <E
0 1 f(X0) —E =Vin
NOT 1 0 f(xo+Vin) <E

Table 1 Necessary and sufficient conditions, derived from the lagith tables, to be satisfied
simultaneously by the nonlinear dynamical element, inoml&ave the capacity to implement the
logical operations AND, OR, XOR, NAND, NOR and NOT with thersacomputing module.
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Operationf AND | OR | XOR | NAND | NOT

X0 0 1/8 | 1/4 3/8 1/2

E 3/4 |11/16] 3/4 | 11/16 | 3/4

Table 2 One specific solution of the conditions in Table 1 which ysettle logical operations
AND, OR, XOR, NAND and NOT, withvi, = %1. Note that these theoretical solutions have been
fully verified in a discrete electrical circuit emulatingagistic map [4].

3 Continuous-time Nonlinear System

We now present a somewhat different scheme for obtaininig legponses from a
continuous-time nonlinear system. Our processor is nownéraoous time system
described by the evolution equatidix /dt = F (x,t), wherex = (X1,%p,...Xn) are

the state variables arfdlis a nonlinear function. In this system we choose a variable,
sayxi, to be thresholded. Whenever the value of this variableedisa threshol&

it resets tcE, i.e. whenx; > E then (and only thery; = E.

Now the basic 2-input 1-output logic operation on a pair @itsly, I in this
scheme simply involves the setting of an inputs-dependeathold, namely the
threshold voltage

E=Vc+11+12

where\ is the dynamic control signal determining the functioryaéf the pro-
cessor. By switching the value 9§ one can switch the logic operation being per-
formed.

Againli/l, has value 0 when logic input is 0 and has valliewhen logic input
is 1. So the theshol& is equal toVc when logic inputs ar¢0,0), Vc + Vin when
logic inputs ar€0, 1) or (1,0), andVc + 2Vin when logic inputs ar¢l, 1).

The output is interpreted as logic output 0xf < E, i.e. the excess above
thresholdVy = 0. The logic output is 1 ik; > E, and the excess above threshold
Vo = (X1 — E) ~ Vin. The schematic diagram of this method is displayed in Fig. 1.

Now for a NOR gate implementatiold = Vor) the following must hold true:

(i) when input set i$0,0), outputis 1, which implies that for threshdtd= Viyor,
outputVo = (X — E) ~ Vi

(i) when input set i50,1) or (1,0), output is 0, which implies that for threshold
E = Vnor+ Vin, X1 < E so that outputy = 0.

(iii) when input set is(1,1), output is 0, which implies that for thresholtl=
VNoRrR + 2Vin, X1 < E so that outputy = 0.

For a NAND gate Y{c = Vnanp) the following must hold true:

(i) when input set i50,0), output is 1, which implies that for thresholtl =
VNanD, OutputVo = (X — E) ~Vip
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Chaoti X Control with
1aotic threshold level
Circuit E=Ve+I1l+12

Output V4

Fig. 1 Schematic diagram for implementing a morphing 2 input lagit with a continuous time
dynamical system. He- determines the nature of the logic response, and the 2 iapeit$, 12.

(i) when input set ig0,1) or (1,0), outputis 1, which implies that for threshold
E = Vin+Vnanp, outputVp = (X1 — E) ~ Vin

(iii) when input set is(1,1), output is 0, which implies that for thresholtl=
VnanD + 2Vin, X1 < E so that outpuYp = 0.

In order to design a dynamic NOR/NAND gate one has to find wati® that
will satisfy all the above input-output associations inlaust and consistent manner.

A proof-of-principle experiment of the scheme was realizgth the double
scroll chaotic Chua’s circuit given by the following set oé¢caled) 3 coupled ODEs

(9]

X1 = a (X —x1—9g(x1)) 1)
Xo = X1 — X2 + X3 (2)
X3 = —BX 3

wherea = 10. and3 = 14.87 and the piecewise linear functigtx) = bx+ %(a—
b)(]x+ 1| — |[x—1|) with a= —1.27 andb = —0.68. We used the ring structure
configuration of the classic Chua’s circuit [9].

In the experiment we implemented minimal thresholding omal@e x; (this is
the part in the “control” box in the schematic figure). We phix; to E, if it ex-
ceededE, only in Egn. 2. This has very easy implementation, as itésaiodifying
the value ofx; in the nonlinear elemeny(x; ), which is harder to do. So then all we
need to do is to implement = E — x» + X3 instead of Eqn. 2, wher; > E, and
there is no controlling action ¥; < E.

A representative example of a dynamic NOR/NAND gate can Haiogd in
this circuit implementation with parameteig, = 2V. The NOR gate is realized
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aroundVc = 0V. At this value of control signal, we have the following: fawpiut
(0,0) the threshold level is at 0, which yieldg ~ 2V; for inputs (1,0) or (0,1) the
threshold level is at 0, which yield4 ~ 0V; and for input (1,1) the threshold level

is at 2/, which yieldsVp = 0 as the threshold is beyond the bounds of the chaotic
attractor. The NAND gate is realized arouvigl= —2V. The control signal yields
the following: for input (0,0) the threshold level is a2V, which yieldsVy ~ 2V;

for inputs (1,0) or (0,1) the threshold level is at,2vhich yieldsVy ~ 2V; and for
input (1,1) the threshold level is av¥4which yieldsVy = 0 [5].

So the knowledge of the dynamics allowed us to design a daitnoal that can
select out the temporal patterns emulating the NOR and NAB®@g[6]. For in-
stance in the example above, as the dynamic control signalitches between\0
to —2V, the module first yields the NOR and then a NAND logic respoinkes one
has obtained a dynamic logic gate capable of switching betviwo fundamental
logic reponses, namely the NOR and NAND.

4 Design and Construction of a Three-Input Reconfigurable
Chaotic Logic Gate

As in Section 3, consider a single chaotic element (for isicin into a RCLG) to
be a continuous time system described by the evolution Eguat x/dt = F (
x;t) wherex = (x1,Xo,...,%n) are the state variables, akds a strongly nonlinear
function. Again in this system we choose a variable, sgyo be thresholded. So
whenever the value of this variable exceeds a critical tioleE (i.e. whenx; > E),

it re-sets tcE.

In accordance to our basic scheme, the logic operation arodisgutsls, I, and
I3 simply involves the setting of an inputs-dependent thriesmamely the threshold
voltageE = V¢ + 11 + 12+ 13, where\c is the dynamic control signal determining
the functionality of the processor. By switching the vald@i&g, one can switch the
logic operation being performed.

I1,2,3 has value~ OV when logic input is zero, anid » 3 has valué/j, when logic
input is one. So for input (0,0,0) the threshold level i8/at for inputs (0,0,1) or
(0,1,0) or (1,0,0) the threshold level is \&t + Vip; for input (0,1,1) or (1,1,0) or
(1,1,0) the threshold level is &t + 2V, and for input (1,1,1) the threshold level is
Ve + 3Vin.

As before, the output is interpreted as logic output & ik E, and the excess
above threshol®y ~ 0. The logic output is 1 ik; > E, andVp = (x1 — E) ~ Vip.
Now for the 3-inputs NOR and the NAND gate implementatioresitiput-output
relations given in Tables 3 and 4 must hold true. Again, ireotd design the NOR
or NAND gates, one has to use the knowledge of the dynamid¢geaianlinear sys-
tem to find the values ofc andVj that will satisfy all the input-output associations
in a consistent and robust manner.

Consider again the simple realization of the double-sciadlotic Chua’s attrac-
tor represented by the set of (rescaled) 3-coupled ODEs giv&qns. 1-3. This
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Input Set (1, 12,13) Thresholde Output Logic Output
(0,0,0) VNOR Vo= (X1 —E) ~Vi 1
(0,0,1) or (1,0,0) or (0,1,0) Vnor+ Vin Vo~0V asx; <E 0
(0,1,1) or(1,1,0) or (1,0,1) Vnor+2Vin |Mo~0V asx; <E 0
(0,0,0) Wor+3Vin [Mo~0OV asx; <E 0

Table 3 Truth table for NOR gate implementatioi{ = 1.84V, Vor = OV)

Input Set (1, 12,13) Thresholde Output Logic Output
(0,0,0) VNAND Vo = (X1 —E) ~Vin 1
(0,0,1) or (1,0,0) or (0,1,4) Wnanp +Vin | Vo= (X1 —E) ~Vin 1
0,1,1) or (1,1,0) or (1,0,1) Wnanp +2Vin | Vo= (X1 —E) ~Vip 1
(0,0,0) Vaanp +3Vin |[Vo~ 0OV asx; < E 0

Table 4 Truth table for NAND gate implementatioif = 1.84V, Vyor = —3.68V)

system was implemented by the circuit shown in Fig.3, witbuit component val-
ues: [L =18mH, R= 17102, C; = 10nF, C; = 100nF, Ry = 220Q, R, = 2200,
R3 = 2.2kQ, Ry = 22kQ, Rs = 22kQ, R3 = 3.3kQ, D = IN4148,B;, B, = Bulffers,
OALl - OA3: opampuA741]. Thex; dynamical variable (corresponding to the volt-
age V1 across the capacitor C1) is thresholded by a contmiitishown in the
dotted box in Fig. 3, with voltage E setting varying threstsolin the circuitVT
corresponds to the output signal from the threshold cdetrdVote that, as in the
implementation of 2-input gates, we are only repladitxg/dt = x; — o + X3 by
dxp/dt = E — xo + x3 in EQ.(2), wherx; > E, and there is no controlling action if
X1 < E.

The schematic diagram for the NAND/NOR gate implementaiattepicted in
Fig.2. In the representative example shown h&re= 1.84V. The NOR gate is
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I o Reconfigurable
- Chaotic
I » Logic — V,
Gate
I; ———»>
Ve

Fig. 2 Symbolic diagram for dynamic 3-Input NOR/NAND logic cellyBamic control signalc
determines the logic operation. In our example,can switch betweelyanp giving a NAND
gate, and/Nor giving a NOR gate.

realized arounilc = Vyor = OV and the NAND gate is realized witfy = Vyanp =
—3.68V (See Tables 3 and 4).

VT

+

B2
R7
e

- C2 C1 ==

S TY )
r
[
|
3

"

Fig. 3 Circuit module implementing a RCLG that morphs between NA&d NOR logic gates.
The diagram represented in the dotted region is the thrésiuoitroller. Heree =V + 11+ 12+ I3

is the dynamically varying threshold voltagéT is the output signal from the threshold controller
andVj is the difference voltage signal.
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Fig. 4 Voltage timing sequences from top to bottom (PSPICE sirmant () First inputl1, (b)
Second input2, (c) Third inputl3, (d) Dynamic control signalc, whereV switches between
Vinanp = —3.68V andVyor = 0V (e) Output signaV/ 1 (corresponding ta; (t)) from the Chua’s
circuit, (f) Recovered logic output signal fron0. The fundamental period of oscillation of this
circuit is 0.33mS.

Thus the nonlinear evolution of the element has allowed wsbtain a control
signal that selects out temporal patterns correspondilddXB and NAND gates.
For instance in Fig.4, as the dynamic control sigitakwitches between-3.68V
to OV, the element yields first a NAND gate and then morphs into a N@f.
The fundamental period of oscillation of the Chua’s cirésii.33ms. The average
latency of morphing between logic gates is 48% of this period
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5 VLSI Implementation of Chaotic Computing Architectures —
Proof of Concept

Recently ChaolLogix Inc. designed and fabricated a proofasfcept chip that
demonstrates the feasibility of constructing reconfigleathaotic logic gates,
henceforth ChaoGates, in standard CMOS based VL3$8(n TSMC process op-
erating at 3Mhz with a 31 x 3.1mmdie size and a .8V digital core voltage). The
basic building block ChaoGate is shown schematically in BigChaoGates were
then incorporated into a ChaoGate Array in the VLSI chip tondestrate higher
order morphing functionality including:

1. A small Arithmetic Logic Unit (ALU) that morphs betweenghier order arith-
metic functions (multiplier and adder/accumulator)ess than one clock cycle.
An ALU is a basic building block of computer architectures.

2. A Communications Protocols (CP) Unit that morphs betweerdifferent com-
plex communications protocols less than one clock cycle: Serial Peripheral
Interface (SPI, a synchronous serial data link) and an limiegrated Circuit
Control bus implementation (12C, a multi-master serial pater bus).

While the design of the ChaoGates and ChaoGate Arrays iptbaf of concept
VLSI chip was not optimized for performance, it clearly dematrates that Chao-
Gates can be constructed and organized into reconfiguraddeic logic gate arrays
capable of morphing between higher order computation#dliimgj blocks. Current
efforts are focused upon optimizing the design of a singlad@ate to levels where
they are comparable or smaller to a single NAND gate in terffimswer and size yet
are capable of morphing between all gate functions in underge computer clock
cycle. Preliminary designs indicate that this goal is acilide and that all gates cur-
rently used to design computers may be replaced with ChasGaiprovide added
flexibility and performance.
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