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Abstract 

The emerging field of molecular electronics seeks to create computational function from 

individual molecules or arrays of molecules.  These nanoscale devices would then enable 

the production of faster, denser, cheaper computers.  Clearly, there are many obstacles to 

building such devices, one of which is to develop methods for using lithographic wires to 

address molecules that are many orders of magnitude smaller in size.  In this thesis, a 

moletronics design is presented that offers a method for connecting nanometer molecules 

to the world-at-large.  This architecture involves the production of nanocells, or random 

arrays of molecules and metallic nanoparticles.  The molecules have two discrete states 

and exhibit electrical behavior that enables complex logic in a nanocell.  Methods are 

presented to take a random array of such switch states and alter them to program a 

nanocell as a useful logical device.  Simulations of this programming process are 

presented and show that it is theoretically possible to obtain very high level function from 

these cells.  Observations made during simulations are then used to formulate theorems 

about the programmability of nanocells.  These theorems demonstrate that there is a 

dense solution space of molecular switch states that give rise to certain computation 

within a nanocell.  Future directions of research, such as methods for wiring multiple 

nanocells together, are included as well.
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1 Introduction 

Moletronics is an exciting new field concerned with building circuits on the molecular 

scale.  Scientists from many diverse fields work in this area.  The nanocell team is 

comprised of chemists, physicists, electrical engineers, computer scientists and applied 

mathematicians.  Several universities and research institutions are involved – Rice, Yale, 

Penn State, N. C. State, University of South Carolina, Stanford Research Institute and 

Motorola.  This team has made many fundamental advances over the past few years, but 

the focus of this thesis is the contributions that I have made in programming the nanocell.  

I should mention that this is collaborative work and would not have been possible without 

the help of other team members.  Chris Husband, Bill Van Zandt, Dr. Pat Lincoln and I 

are all working on the nanocell programming problem, and Chris and I have worked 

together extensively. 

 The goal of the computer architecture group is to devise algorithms for training a 

random array of molecules as some useful logical device.  Some simplifying assumptions 

are made to first provide proof-of-concept and demonstrate that such logical devices are 

theoretically possible.  In obtaining these results, it became clear that some of these logic 

gates may be easily programmable without the simplifying assumptions.  In addition we 

learned which devices tend to be easier to obtain and observed both necessary and 

sufficient conditions for training many gates.  These results are presented in the following 

chapters.  First motivation and competing architectures are presented in Chapter 2.  This 

is followed by a detailed description of the nanocell in Chapter 3.  The nanocell training 
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process is described in Chapter 4, and Chapter 5 contains the results of this training.  

Graph theory is utilized in Chapter 6 to provide some theoretical results and nanocell 

proofs.  Areas of future research are presented in Chapter 7 before concluding remarks in 

Chapter 8. 
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2 Molecular Electronics 

Molecular electronics is an emerging field whose goal is to build computers that are 

smaller and less expensive than silicon technology.  In the following sections limits of 

traditional silicon as well as competing moletronics designs are introduced. 

2.1 Motivation 

Conventional silicon will reach some fundamental limits in the next few years.  There are 

physical constraints on the size of circuits in computers.  Silicon has surpassed the 

“Moore’s law” forecast of a doubling of device performance and density every one and a 

half to two years.  There are unavoidable obstacles involved in this continual downsizing 

of silicon.  These limits will be reached in the next five to ten years as acknowledged by 

the industrial giant, Intel Corporation [1].  The basic physical limits include charge 

leakage and a loss of band structure at miniscule sizes.  This is not a problem with 

molecules because they have relatively large energy level separations at room 

temperature and at the nanometer-size due to their discrete orbital levels.  This makes 

them independent of broad band properties [2].  These physical problems arise as 

conventional circuits shrink in size. 

 In addition to the physical constraints, there are financial obstacles.  It currently 

costs $2.5 billion to build a fabrication line for a traditional computer.  By 2010, that 

figure is projected to rise to $15 billion.  In 2015, it will cost in excess of $100 billion [2].  

These costs will clearly become prohibitive.   
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 These physical and financial obstacles indicate that an entirely new approach to 

computer design will become necessary in the near future.  Molecular electronics is an 

innovative approach without the financial and physical constraints of conventional 

electronics.  The overall physical advantage is that molecular devices are fabricated with 

a bottom-up approach.  One would begin with atoms and build nanometer-sized 

molecules.  On the other hand, conventional silicon fabrication is a top-down approach.  

Designers etch away at silicon crystals until a micrometer-sized device is constructed.  

Consider the potential benefit of using molecular devices.  Over the past forty years, a 

total of 1020 transistors have been made.  In a single drop of water there are 1021 water 

molecules.  On a Pentium chip, the 107 – 108 devices take up about 1 cm2.   However, 

1014 typical organic molecules will fit in the same amount of space [2].  Hence, there are 

huge financial and physical advantages in using molecular electronics. 

 Molecular electronics has recently been recognized as an up and coming research 

field in many prominent publications.  Scientific American published a cover story in the 

summer of 2000 [3].  The article was written by two professors on the nanocell team, Dr. 

Jim Tour of Rice University and Dr. Mark Reed of Yale University.  In addition, Science 

chose molecular electronics as the breakthrough of the year in its December 2001 issue 

[4].  This field was chosen over other strong contenders such as the Human Genome 

Project. 

 Clearly, there are still some substantial questions to be addressed in molecular 

electronics.  Any successful design should initially interface with silicon, as it is 

unrealistic to assume that silicon would be completely replaced from the onset of 
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moletronics.  In a Pentium chip, each of the 108 transistors is individually addressable and 

connected to a power supply.  Although it is much simpler to fabricate molecules in large 

numbers, they are more difficult to arrange in either a three-dimensional or a two-

dimensional space.  It is also not certain that they will stay in this arrangement.  There is 

a potential problem with heat, as well.  If the size advantage is used to create very dense 

circuits, then there will be a huge increase in the amount of heat emitted.  A very large 

cooling fan would be essential [2].  Some of these issues are theoretically resolved in the 

design of the nanocell; however, laboratory tests need to be run. 

 In the following sections competing moletronics designs are presented. 

2.2 Crossbar Architecture 

The crossbar molecular electronics design is based on the Teramac computer [5].  An 

array of nanowires, or nanotubes, is arranged in a crisscrossing grid.  At each intersection 

point, molecular switches join the two wires as shown in Figure 2.1.  Very dense logic 

and memory can be created with this design.  If the molecules can be set to “on” and 

“off” states, then each intersection point can store a bit of information.  Defect tolerance 

is addressed by periodically checking the functionality of the intersection point 

molecules.  A data base of nonfunctional points is maintained, and these bits are no 

longer utilized. 

 The crossbar architecture has some major obstacles to overcome.  First, the 

nanotubes or nanowires must be laid out in a very precise manner.  In addition, there 

must be some method for wiring the nanotubes to the world-at-large.  However, 
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nanowires are hundreds of times smaller than the lithographically etched wires that must 

be used to connect one crossbar array to another.  It is therefore impractical to attach a 

lithographic wire to each nanowire.  Hence, some feasible method for addressing each 

crossbar array must be devised.  Another problem with this model is the placement of 

molecules.  It is extremely difficult to place molecules in precise locations and 

orientations.  Additionally, if placed, it is not clear that the molecules would necessarily 

stay in position.  These fabrication hurdles will have to be dealt with as well. 

2.3 QCA 

An entirely different approach to molecular electronics is quantum dot cellular automata 

(QCA) [6].  QCAs use the movement of electrons to perform logic.  The basic logic 

device, a QCA cell, is composed of four quantum dots arranged in a square and two 

movable electrons.  The electrons can occupy any of the four sites within the cell.  They 

will always occupy opposite corners, so the QCA has two states:  state “0” and state “1”.  

To alter the state of a QCA cell, an electron must be introduced near one of the electrons 

within the cell.  This will cause the cell to switch states.  QCA cells can be arranged so 

that a domino effect occurs, and nearby cells either copy or invert the previous cell.  This 

process is demonstrated in Figure 2.2 [7].   

 There are some substantial hurdles for the QCA approach.  First the functionality 

of the QCA cells is greatly affected by the placement of the quantum dots.  A misplaced 

dot can render the cell inoperable.  Additionally, one defective cell results in the failure 
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of the entire array.  These issues of defect tolerance must be addressed for this molecular 

electronics design to realistically work. 
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Figure 2.1  This figure displays the crossbar architecture.  There is a molecule at each 
intersection point. 

Figure 2.2  The QCA architecture depends on the movement of electrons.  As shown in 
(a), there are two possible states.  Figure (b) demonstrates a copy and an inverter.  Figure 
(c) displays a side-side aligned inverter. 

-
~ 

a) •--o o-• 
' ' ' ' 
6-· •--o 
State "O" State "1" 

) •--o •--o 
' ' ' ' 
6-· 6-· 
Side-Side aligned= Copy 

Input: 

•--o •--o 
Output: 

o-• 
' ' ' ' ' ' 
6-· 6-· •--o 

•--o •--o 
' ' ' ' 
6-· 6-· 

Corner-Corner aligned= Invert CA Inverter 
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3 Nanocell 

The nanocell was inspired by a desire to create a molecular electronics model that takes 

into account the behavior of molecules.  That is, a model that can be realistically 

fabricated.  Unlike the Teramac architecture, each individual molecule within the 

nanocell is not addressed by a wire [5].  Rather, a network of molecules is addressed by 

relatively small number of leads located at the edges.  Additionally the topology of the 

nanocell is random.  Molecules are allowed to align themselves as they will.  Hence 

many of the very serious obstacles to the implementation of other moletronics designs are 

avoided, and the size of the molecules is exploited.  However, the cost is 

programmability.  As fabricated, the nanocell serves no useful logical or memory 

purpose.  Rather, it is trained post-fabrication through voltage pulses applied to the 

input/output (I/O) leads.  The design and electrical properties of the nanocell are 

addressed in this section, while strategies for training the nanocell are dealt with in 

section 4. 

3.1 Nanocell Design 

The nanocell is the lowest level logic device in the proposed molecular computer.  Its size 

is approximately 1µm2.  This size was chosen in order to ease lithographic constraints.  

Along the four edges of the nanocell are I/O pins.  For the simulations presented in this 

thesis, either 1 or 5 pins to a side are assumed.  The network within the nanocell is an 

array of gold nanoparticles (some metal other than gold could be used) connected with 
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molecules.  It can be modeled as a planar graph where the nodes are nanoparticles, and 

the edges are molecular switches.   Realistically, a nanocell will probably be pseudo-

planar with some nanoparticles pushed slightly up and their incident edges overlapping 

others.  However, a planar model is still accurate enough at this point.  A picture of a 

simulated nanocell is shown in Figure 3.1 [8].  The particles are assembled on an 

insulating surface (the gray background in Figure 3.1.  The size of the nanoparticles is 

subject to change, however, currently a 60 nm diameter and 3 nm spacing is used.  The 

spacing between adjacent nanoparticles is controlled by a molecular self-assembled 

monolayer [9].  This prevents the shorts that would occur if the nanoparticles touched 

each other.  Early experiments on the deposition of nanoparticles onto an oxide surface 

indicate that they tend to form a fairly regular grid [9].  A picture of deposited particles is 

shown in Figure 3.2.  It has been confirmed that molecules can then be deposited between 

adjacent particles [9], [10].  It is estimated that an average of five molecules will be in the 

correct orientation with respect to adjacent nanoparticle facets to bridge them.  These 

nanoparticles connected by molecular switches have exhibited resettable enhanced 

conductivity and resistivity states through voltage pulses applied at local contact pads [9], 

[11], [12].  In the next section, properties of the molecular switches are discussed.  

3.2 Molecular Switches 

The molecules used in molecular electronics can be characterized by their IV (current as a 

function of voltage) curves.  These curves are obtained by testing batches of several 

thousand molecules together.  There are two properties of a molecule that are essential to 
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the programming of the nanocell.  First, they must exhibit two discrete states.  The IV 

curve displayed in Figure 3.3 has the two states shown [11], [12].  The higher conducting 

state is referred to as the “on” state, while the more resistive state is called the “off” state.  

Suppose a nitroaniline molecule is in the “off” state.  It is switched to the “on” state 

through a voltage pulse.  The threshold for this molecule is estimated to be approximately 

1.75 V.  As long as the applied voltage is below this threshold, the molecule stays in an 

“off” state.  When the applied voltage exceeds 1.75 V, the molecule switches to the “on” 

state.  Now as long as the voltage stays above approximately -1.75 V, the molecule will 

remain in this state.  When the voltage falls below -1.75 V, the molecule switches back to 

the “off” state.  The molecules can be reversibly set to these states.  This property offers 

programmability of an array of molecules.  It is theorized that the movement of electrons 

causes these discrete states; however, a conclusive explanation has not yet been obtained.  

The specifics of this nanocell training process are addressed in Chapter 4.  It should be 

noted that molecules that exhibit two reversible states have been used as DRAM memory 

[13].  The ability to read, write and erase with these molecules in shown in Figure 3.4.   

 The IV curves displayed in Figure 3.3 are actually for thousands of molecules.  It 

is important to determine then whether these discrete states occur on the individual 

molecular scale or are simply a group phenomenon.  To address this question, several 

individual molecules were dispersed in an alkanethiol-based SAM (self-assembled 

monolayer) and tracked via STM over several hours [14].  Figure 3.5 shows a single 

molecule turn “on”, “off” and back “on” again.  Each frame represents three minutes. 
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 In addition to resettable states, the nanocell molecules must show NDR, or 

negative differential resistance behavior in the high conducting state if the nanocell is to 

function as a complex logic device.  In the “on” state displayed in Figure 3.3, note that 

after approximately 0.3 V, the current begins to decrease as the voltage drop increases.  

This is NDR behavior.  It enables negating logic gates such as inverters, NANDs or 

XORs.  Such logic gates are essential in constructing logical statements.  In compound 

propositions, the operators are AND, OR, NOT, implication ( )→  and biconditional ( )↔ .  

A functionally complete set of logical operators is a set of operators such that every 

compound proposition is logically equivalent to some compound proposition using only 

operators in the set.  Any logical function that generates NOT and AND or OR is 

functionally complete.  Hence, NAND is functionally complete because NOT(X) = 

NAND(X,1) and AND(X,Y) = NOT(NAND(X,Y)).  Similarly, AND and XOR are 

functionally complete because NOT(X) = XOR(X,1).  Hence, NDR is essential if a 

nanocell is to perform functions similar to those performed by transistors.  NDR has been 

demonstrated with several different molecules [11], [12].  For over a year and nearly 109 

switching events, these devices have shown no degradation. 

 Another property that is helpful is a large “on-to-off” ratio.  The molecule shown 

in Figure 3.3 has about a 5 to 1 “on-to-off” ratio.  This is adequate, but nanocell logic 

function is greatly enhanced with larger ratios.  In simulated nanocells, the IV curve 

displayed in Figure 3.6 is used.  It has NDR and a 1000 to 1 “on-to-off” ratio.  This curve 

has not been obtained experimentally.  However, at low temperatures, similar effects 
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have been observed, and room temperature effects are currently being optimized [9], 

[11], [12]. 

 For some logic gates, such as 1-bit adders, molecules with rectifying diode 

behavior are essential.  Such an IV curve is displayed in Figure 3.7.  This curve is used in 

some of the simulations presented in chapter 5.  This precise curve has not been obtained, 

however, a mononitro oligo(phenylenenethynylene) was synthesized and its IV curve has 

a similar shape [11], [15] (see Figure 3.8). 

 The simulated nanocell is presented in the next section.  The precise IV curves 

used in simulations have not always been obtained experimentally.  However, in every 

case similar behavior has been observed and chemists expect to obtain the curves that are 

used. 

3.3 Simulated Nanocell 

Scientists in the nanocell group are currently working toward the goal of fabricating a 

nanocell.  Thus far, chip platforms have been designed and fabricated and gold 

nanoparticles have been selectively deposited within the nanocell at densities sufficient 

for the molecular connections.  Pictures of these nanocells are shown in Figure 3.9 [8].  

Figure 3.9a depicts a nanocell before deposition of the gold particles, while Figures 3.9b 

and 3.9c depict nanocells post-deposition. 

 The nanocell computer architecture group works with simulated nanocells in an 

attempt to predict the potential functionality of a nanocell.  A nanocell simulator was 

written by Christopher Husband and me. The simulator was written in Microsoft Visual 
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C++.  The nanocell is modeled as a square device (measuring approximately 1 µm2) but 

the simulator is written so that a variety of geometries may be easily implemented.  The 

simulator takes a grid size n for the nanoparticles, the number of pins to a side, 

nanoparticle density, represented by some probability p, and an average m1 and maximum 

m2 number of molecules between adjacent gold particles.  As mentioned previously, the 

interior of a nanocell is modeled as a planar graph.  The nodes (nanoparticles) are laid out 

on a hexagonal n by n grid with a probability p that any given nanoparticle appears.  The 

edges (molecular switches) are laid out with a Poisson distribution centered around m1 

with a maximum of m2 edges between adjacent nodes.  In initial simulations, the m2 was 

set to 1 in order to speed up the training process.  Additionally, the molecules were 

assumed to have symmetric IV curves (odd functions), so the edges were not directed.  

However, realistically the graph should be modeled as a digraph with multiple edges.  

Later simulations included these characteristics.  In fact, some of the logic gates would 

have been impossible to train without these properties. 

 After choosing a desired truth table, such as NAND or XOR, I/O pins are set to 

input and output.  Some pins may also be set to high rail, low rail or ground, however, 

these settings are rarely used in the simulations presented in this thesis. 

 In the next section, the problem of evaluating the IV characteristic of a nanocell is 

addressed. 
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3.4 Evaluating the IV Characteristic of a Nanocell 

The goal of the computer architecture group in this project is find methods for training 

nanocells as various logic gates.  As mentioned previously, the functionality of a nanocell 

is determined by its IV characteristic.  In order for a nanocell to function as a particular 

logic gate, given some input voltages, it must exhibit the desired output signal.  In this 

section it is assumed that input voltages are applied to the nanocell and output currents 

are measured.  In the next section, a voltage in – voltage out setup is presented.   

Given a pattern of input voltages, it is necessary to determine the resulting output 

current.  This is a fairly straightforward problem if all the resistors are linear.  However, 

it is quite complex when the resistors are nonlinear.  Consider the problem of analyzing 

any circuit with nonlinear elements.  Even finding the current through a circuit with only 

one nonlinear resistor in parallel with a linear resistor is difficult.  Consider the circuit 

shown in Figure 3.10.  This circuit is similar to a nanocell with one switch in the “on” 

state (the nonlinear resistor), one switch in the “off” state (it can be approximated as a 

linear resistor), one input pin and one output pin.  Assign the following variables: 

id:  current flowing through the circuit 

va:  input voltage 

R:  resistance of linear resistor 

vd:  voltage drop across the nonlinear resistor 

g(vd):  current as a function of voltage vd for the nonlinear resistor 

Note that R and g are fixed characteristics of the circuit.  The problem is given some 

input voltage va, find id, the current flowing through the circuit.  By Kirchhoff’s law (flow 
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in = flow out at each point in the circuit), we know that the current flowing through the 

linear resistor equals the current flowing through the nonlinear resistor.  Hence, there is 

one variable for current, id.  Ohm’s law tells us that V = IR for the linear resistor.  The 

voltage drop across this resistor is va – vd. So the following must hold: 
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This problem can be solved graphically by plotting the V vs I for each resistor and finding 

their intersection.  In Figure 3.10, the nonlinear graph is the function g(vd).  To graph the 

line for the resistor, just plot the following two points: 
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As shown in Figure 3.10, for some input voltages va, this problem has multiple solutions.  

The middle point will never be a physical solution to the problem, because it is unstable.  

A very slight change in va will cause a drastic change in id at this point.  In a physical 

circuit, which of the other two solutions will be correct?  Once capacitance is taken into 

account, this problem is solved with a system of ordinary differential equations (ODEs). 

 Consider the nanocell shown in Figure 3.11 with the following notation: 

 vi(t) :  ℜ→ℜ   voltage at node i at time t 

 bi(t) :  ℜ→ℜ   voltage applied at pin i at time t 

 ei:     edge i, a capacitor and resistor (possibly nonlinear) 
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ℜ∈eC   capacitance at edge e (constant) 

 Ge: ℜ→ℜ   current through e as a function of voltage drop across e 

 Ie:   current through edge e 

I:   current through output pin 

Note that the voltages are a function of time, and the currents are a function of voltage. 

Given some pattern of input voltages over time, the problem is to determine the resulting 

output current, I.  These input voltages are typically designed to test various rows of a 

truth table.  Examples of the truth tables and input voltages over time are given in a later 

section. 

The current through each edge in the nanocell is the sum of the current through 

the resistor and the current through the capacitor.  In the figure, assume that all edges are 

directed to the right and down.  At each node, flow in must equal flow out for all time t: 

0

0

532

541

=−−

=−−

eee

eee

III

III
          (3.1) 

The current through a capacitor with capacitance C is 
dt
dVC .  Ge gives the current 

through the resistors.  The current through each edge e = uv is: 

 ))()(())()(( tutvGtutvCI eee −+′−=       (3.2) 

Insert equation (3.2) into the system (3.1) to get: 
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Given the capacitances (Ce) and resistances (Ge) of the edges and the input voltages over 

time, the problem is to find the unique voltage over time (vi(t)) at each node such that the 

system (3.3) is satisfied at all time t.  These voltages give rise to an output current 

through the output pin “1”.  This current is: 

 ∑=

1

21 ))(),((
pinwith

incidente
e

i

i
ItvtvI  

 This problem can be stated in matrix form.  Suppose the nanocell has n nodes (not 

including I/O pins) and m edges.  Define the following: 

 mnA ×ℜ∈   the incidence matrix for the graph of the nanocell,  

excluding I/O pins, where edges incident with an I/O pin  

have only one endpoint; aij = 1 if edge j flows into node i,  

aij = -1 if edge j flows out of node i, and aij = 0 otherwise 

 ntv ℜ→ℜ:)(   vi(t) = voltage of node i at time t 

 mC ℜ∈   Ci = capacitance of edge i 

 mmG ℜ→ℜ:   Gi(u) = current as a function of voltage for edge i; mu ℜ∈ ,  

ui = the voltage drop across edge i 

mtb ℜ→ℜ:)(  bi(t) = input voltage across edge i as a function of time t; 

bi(t) = 0 if edge i is not incident with an I/O pin 

In the example above (Figure 3.11) A and b are given by: 
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Then the vector of currents flowing through the edges at time t is: 

 C(ATv(t) – b(t))′ + G(ATv(t) – b(t)) 

The sum of the currents around each node should be zero.  Therefore, 

 A[C(ATv(t) – b(t))′ + G(ATv(t) – b(t))] = 0 at all time t   (3.4) 

Simplify (3.4) by denoting this equation as 

))(( tvD = 0 at all time t 

The solution v(t) is unique.  Also, lI ℜ∈ , the current through l distinct output pins, is a 

function of this v(t).  Suppose the input voltages, b(t), and the IV characteristics of the 

edges are varied.  Then, 

 )),(( GtbDI =  

Note that the output current I is not a function of time, but a function of the input voltage 

which is a function of time.  This problem will be explored further in Chapter 4. 

 As the problem of solving nonlinear circuits is fairly complex, the electrical 

engineering circuit solver SPICE is used along with the nanocell simulator to calculate 

the output signal of a nanocell [16],  [17].  Initially Microsoft’s COM was used to 

interface through OLE to Intusoft’s ICAPS/IsSpice and thus evaluate the output current 

of a nanocell.  This worked well for nanocells with a fairly small number of edges.  

However, there are other versions of SPICE that can handle larger circuits and that run 

-
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much faster than IsSpice.  For instance, IsSpice was too slow to handle multiple edges 

between nanoparticles.  Hence, we later rewrote the nanocell simulator to work with 

HSpice on Unix machines at NC State, a host institution for a collaborator on the 

nanocell project.  First a nanocell is simulated with Visual C++ on a Windows machine, 

and a connection is established with a Unix machine at NC State.  Next, the nanocell is 

translated into a circuit, and that circuit is sent to NC State where the output signal is 

evaluated.  Finally, the output over time is sent back to the Windows machine at Rice.  

The communication takes some time, but there still is a sizeable advantage over the 

IsSpice model.  HSpice evaluates a single circuit faster, and also has the ability to 

evaluate several similar circuits efficiently.  The importance of this characteristic will 

become more obvious in Chapter 4. 

 In the following section, the details of how a nanocell functions as a logic gate are 

discussed. 

3.5 The Nanocell as a Logic Gate 

The goal of the nanocell computer architecture team is to determine first how to train a 

single nanocell as a logic gate and next to hook several nanocells together to work in 

concert.  So first, how does a nanocell function as a logic gate?  A nanocell functions as a 

logic gate based on the signal (current or voltage) through some number of I/O pins 

designated as output.  Each input pin can be either “on” or “off”.  A high voltage is 

applied to a pin that is “on”, and a low voltage is applied to a pin that is “off”.  The 
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output signal is measured at every possible combination of input pin settings.  Hence if 

there are three input pins, then there are 23 different settings.   

 As mentioned previously, the nanocell was initially modeled as a voltage in – 

current out device.  With this setup, each input pin is connected to a voltage source, while 

each output pin is connected to a very small resistor to ground (essentially a wire).  The 

current through this resistor is the output signal that determines the functionality of the 

nanocell.  A demonstration of this circuit is shown in Figure 3.11.  When the signal is 

current out, “on” and “off” thresholds, IOL and IOH must be established.  Anything below 

IOL is considered “off”, while anything above IOH is considered “on”.  Currents between 

the two thresholds are neither “on” nor “off”.   

 In Table 3.1 there is an example of the output of a voltage in – current out 

nanocell that can be used both as a NAND and a NOR gate.  This nanocell has two 

inputs:  “A” and “B”, and one output, “1”.  The output current from pin 1 is given at all 

possible combinations of high and low voltage from pins A and B.   If the “off” and “on” 

current thresholds are set to 275 pA and 350 pA respectively, then the nanocell functions 

as a NAND gate.  On the other hand if they are set to 450 pA and 500 pA respectively, 

then the nanocell functions as a NOR gate.  It should be noted that for a nanocell to work 

in concert with other nanocells, a much greater “on-to-off” ratio is essential. 

 If nanocells are to work together, then the output of one nanocell must function as 

the input of another nanocell.  This implies that uniformity of signal is necessary.  If the 

input signal is voltage, then the output signal must be measured as voltage, as well.  
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Additionally, if the high and low voltage inputs are VIL and VIH respectively, then the 

output high and low voltages VOL and VOH should be such that 

IHOH

ILOL

VV
VV
=
=

         (3.5) 

This is called restoring logic.  However, the nanocell as a whole has some resistance, so 

this is not possible without some outside influence.  One such method is to use a bistable 

latch or Goto pair at each output pin for restoring logic [18], [19].   Consider the very 

simple circuit displayed in Figure 3.12.  A current source is connected between two 

NDRs in series.  The first NDR is connected to a voltage source, VBIAS.  The second NDR 

is in parallel with a capacitor and is connected to ground.  Think of the current source as 

the output pin of a nanocell.  Current through the first NDR is denoted ILOAD, and current 

through the second NDR is IDRIVE.  When VBIAS is high, there are three possible voltages 

at the data node as shown in Figure 3.12.  The middle state is unstable, so there are really 

just two possible choices, VOL and VOH for the voltage at the data node.  Clearly, VBIAS, VIL 

and VIH can be selected so that (3.5) is satisfied [19].   

 The next question is what determines which of the two states the bistable latch 

will be in.  To set the latch, VBIAS is brought to a low voltage, such that the latch is now in 

a monostable state as in Figures 3.13a and 3.13d.  Now an input current IIN is supplied as 

VBIAS is raised back up.  The state that the data node latches to, VOL or VOH is determined 

by the value of IIN as VBIAS increases.  Suppose IIN is low as in Figure 3.13a.  Then, as 

VBIAS rises, IDRIVE exceeds ILOAD as in Figure 3.13b.  This implies that the current through 

the capacitor is negative, which means that 
dt
dV  is negative, as well.  Hence the voltage --
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decreases and latches to VOL as shown in Figure 3.13c.  On the other hand, suppose that 

IIN is relatively high as VBIAS increases (see Figure 3.13d).   Then ILOAD exceeds IDRIVE as 

in Figure 3.13e.  Now the current through the capacitor is positive.  This implies that 
dt
dV  

is positive, and the voltage will increase to VOH [19].     

 Note that there are also currents that will “break” the latch setup.  If IIN is too 

large, then the latch is forced to a monostable state regardless as in Figure 3.14a.  

Additionally, if IIN is too small (too negative) the latch is also forced to a monostable 

state (see Figure 3.14b).  Either of these may cause the latch to change states before it has 

been clocked.  This can be a very serious problem when nanocells are hooked together 

[19].   

 In Figure 3.15 there is a demonstration of the output of the circuit displayed in 

Figure 3.12.  Note that there are currents that latch “on” and “off”, as well as currents that 

“break” the latch.  Therefore, if the output pin of a nanocell is the data node, then using 

molecular NDRs in the latch we can build a voltage in – voltage out nanocell with 

restoring logic.   Figure 3.16 demonstrates the circuit for this setup. 

 In chapter 4, the nanocell training process is explained. 

--
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Nanoparticle “Off”“On”Nanoparticle “Off”“On”Nanoparticle “Off”“On”

Figure 3.1  This is a simulated nanocell with five I/O leads on each side.  Within the 
cell is a planar array of metallic nanoparticles and molecules.  The molecules can be in 
a high conducting state or a low conducting state. 

Figure 3.2  The deposition of gold nanoparticles in a physical nanocell is displayed.  
Recent depositions have yielded more tightly compacted particles necessary for 
molecules to interconnect the particles. 
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Figure 3.3  Displayed here are “on” and “off” IV curves and the chemical structure of 
nitroaniline. 

Figure 3.4  This is a nitrobenzene DRAM cell with read, write and erase capabilities. 
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Rectifying Diode IV

Figure 3.5  The switching of a single molecule is monitored over 30 hours by STM.  
The brighter circles indicate the “on” state, while the darker circles indicate the “off” 
state. 

Figure 3.6  This is the IV curve used most often in simulating nanocells.  The “on” to 
“off” ratio is 1000:1.  Such behavior has only been obtained experimently at very low 
temperatures (approximately 60 K), but chemists on the nanocell project expect to see 
it at room temperature in the near future. 

Figure 3.7  This IV curve is also used in simulating nanocells.  Although it was not 
obtained experimentally, similar behavior has been observed (see Figure 3.8). 
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Figure 3.8  This is a molecule that exhibits rectifying diode behavior at room 
temperature. 

Figure 3.9  Figure (a) displays the I/O leads into a nanocell before deposition.  Figures 
(b) and (c) display nanocells after deposition of gold particles. 

Figure 3.10  This is a circuit with an NDR device along with its Kirchhoff compliant 
solutions. 
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Figure 3.11  This is a small nanocell along with its equivalent circuit.  In training, 
nanocells are translated into circuits then evaluated with the circuit solver HSpice. 

Figure 3.12  This is a bistable latch consisting of metal-NDR-metal-NDR-ground with 
a capacitor in series with the ground NDR.  When VBIAS is high, there are two stable 
states:  “0” and “1”.  The state is determined by current flowing into the data node. 
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Figure 3.13  Figures (a), (b) and (c) depict current that sets the latch to a low state.  
Figures (d), (e) and (f) depict current that sets the latch to its high state. 

Figure 3.14  Figures (a) and (b) demonstrate currents that cause the bistable latch to 
flip before it is clocked.  Current must stay within an acceptable range (IIN_L – IIN_H) to 
prevent this phenomenon. 
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Figure 3.15  In the top graph, clock voltage (VBIAS) and input current are displayed for 
the bistable latch shown in Figure 3.12.  The bottom graph displays the input current 
and output voltage at the data node.  Input current is inserted at the data node while 
VBIAS is high.  Then VBIAS is quickly brought down so that the latch is now in a 
monostable state (see Figure 3.13a) and then brought back up to a high voltage.  Based 
on the input current, the latch sets either high or low.  Note that the fifth input current 
is too high and causes the latch to flip before it is clocked.  Similarly, the seventh input 
current is too low. 
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NAND 
Pin A Pin B Pin 1 

0 0 1 
0 1 1 
1 0 1 
1 1 0 

NOR 
Pin A Pin B Pin 1 

0 0 1 
0 1 0 
1 0 0 
1 1 0 

Nanocell Data 
Pin A Pin B Pin 1 

1 V 1 V 523 pA 
1 V 5 V 421 pA 
5 V 1 V 413 pA 
5 V 5 V 217 pA 

Nanocell 

VBIAS 

VIN VOUT 

Figure 3.16  This is a nanocell whose output pin is connected to a bistable latch. 

NAND 
“Off” Current Threshold:  275 pA 
“On” Current Threshold:  350 pA 

NOR 
“Off” Current Threshold:  450 pA 
“On” Current Threshold:  500 pA 

Table 3.1  For the nanocell outputs shown in the first table, thresholds can be set so that the 
cell functions as a NAND or a NOR. 
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4 Training a Nanocell 

The goal in training a nanocell is to take a random nanocell and turn its switches (edges) 

“on” and “off” until it functions as some target logic device.  The physical position of 

each nanoparticle and molecular switch is fixed.  Existing nodes and edges cannot be 

deleted and new nodes and edges cannot be added.  Hence, the planar graph within the 

cell is static.  In section 4.1 some assumptions are made that make simulated training 

easier. 

4.1 Programming Assumptions 

The goal of the computer architecture group in the moletronics project is to take a single, 

randomly assembled nanocell and train it as a logic gate.  This training occurs by 

switching the molecular switches within the cell “on” and “off”.  Recall that it has been 

shown that a molecule can be brought from one state to the other by passing a certain 

voltage pulse across it [3].  For the nitro molecule shown in Figure 3.3, a voltage pulse of 

-1.75 V brings an “on” molecule into an “off” state, and 1.75 V bring an “off” molecule 

into an “on” state.  In the proposed molecular computer, the nanocell is treated as a black 

box.  Its topology is unknown.  In addition, access to the nanocell is limited to the I/O 

pins at the edges.  This greatly increases the difficulty of training a nanocell, as it is 

impossible to uniquely set every molecular switch in any random nanocell.  In other 

words, there exist nanocells such that two or more of its switches must always switch into 

the same state.  In Figure 4.1, the voltage drop across e1 is the same as the voltage drop 
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across e2.  Hence, if the two molecules are the same, when one switches states the other 

must switch into the same state.  They can begin in different states, though.   

There are two assumptions that can vastly reduce the difficulty of this problem of 

training a nanocell.  The first assumption is omniscience, that is, assume that the 

connections within the nanocell are known.  The second is omnipotence, where each 

switch can be individually set to an “on” or “off” state.  Training a nanocell with neither 

of these assumptions is called mortal switching.  In the next section, nanocell 

optimization problems with omniscience, omnipotence and mortal switching are 

explored. 

4.2 Nanocell as an Optimization Problem 

Using the mathematical formulation of evaluating a nanocell that was presented in 

section 3.4, the nanocell training problem can be formulated as an optimization problem.  

In the following three sections three versions of the nanocell training problem are 

presented.  In each case the voltage in – current out model is used, but the voltage in – 

voltage out model is synonymous.   

4.2.1 Optimization Problem with Omnipotence 

Before exploring the optimization problems with the assumption of omnipotence and 

omniscience, it is worthwhile to ask whether such a problem is of practical use or is 

merely an academic exercise.  This moletronics project is currently in the proof-of-

concept phase.  Before determining whether it is possible to train a nanocell with realistic 
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constraints, we are attempting to verify whether it is theoretically possible.  If it becomes 

clear that it is impossible to train a randomly assembled nanocell as a 1-bit adder, even 

with the assumptions of omnipotence and omniscience, then there is no point in trying to 

train one without these simplifying assumptions.  Hence, the optimization problems with 

the suppositions of omnipotence and omniscience are of practical use. 

 In the optimization problem with omnipotence, we are given the nanocell, the 

target logic of the nanocell (in the form of a truth table), IV characteristics of the “on” 

state and “off” state of the molecule (see Figure 3.3 or 3.6), and the capacitance of each 

edge.  The search space is all possible combinations of “on” and “off” molecules (in fixed 

locations), all possible input voltages over time (with the restriction that a pin set to a 

particular input “X” must have a particular voltage input over time), and all possible 

assignments of output pins (this can be viewed as assigning input voltage 0).  The 

objective is to make a specific nanocell function as some particular logic gate.  How is 

this tested?  Each truth (row) in the truth table is applied for some period of time.  For 

instance if “A” is supposed to be “on” and “B” is supposed to be “off”, then the high 

voltage is applied to “A” and the low voltage is applied to “B”.  The output current is 

evaluated at the end of this time step.  The currents when the output pin is “off” should 

all be less than the currents when the output pin is “on”.  The greater the difference 

between the lowest “on” current and highest “off” current, the better the nanocell 

functions as the given logic device.  Let vlo and vhi denote the high and low input 

voltages, respectively.  They determine the magnitude of the input voltage functions over 

time for I/O pins set to specific inputs.  Note that some pins are set to specific input 



 

 

35 

voltages while others can have any pattern of input voltage over time.  The constraints of 

the problem are: 

1. Each molecular switch can be in one of two states – “on” and “off”. 

2. For each input “X” in the truth table, there must be at least one I/O pin with input 

voltage over time set to that of input “X”.  The low voltage for this function is vlo 

and the high voltage is vhi Denote this input function as bX(t). 

3. At least one I/O pin must be set for each output.  Thus input voltage for that pin is 

0 for all time t. 

4. Input voltages must stay within some reasonable range:  vmin  to vmax.   

Let mS }1,0{∈  denote the vector of switch states (Si = 1 if ei is in the “on” state and Si = 0 

if ei is in the “off” state).  Note that inl2 truths are tested.  Let out
inl lI ×ℜ∈ 2  denote the 

matrix of output currents where Iij = the current through pin j for the ith row of the truth 

table.  Hence, the optimization problem is: 

 Given: 

 mnA ×ℜ∈   incidence matrix for graph of nanocell with n gold particles  

and m molecular switches, where edges incident with an 

I/O pin have only one endpoint; aij = 1 if edge j flows into 

node i, aij = -1 if edge j flows out of node i, and aij = 0 

otherwise 

 ntv ℜ→ℜ:)(   vi(t) = voltage of node i at time t 

 mC ℜ∈   Ci = capacitance of edge i 

 mm
SG ℜ→ℜ:  (GS)i (u) = current as a function of voltage for edge i; if  
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edge i is “on” then (GS)i  is the “on” I(V) function and (GS)i  

is the “off” I(V) function if edge i is “off”; mu ℜ∈ ,  

ui = the voltage drop across edge i 

 lin ∈ Z+   number of distinct inputs (multiple pins can be set to same  

input) 

 lout ∈ Z+  number of outputs 

 out
inl lL ×∈ 2}1,0{  table of logical outputs; each row is for a different truth  

test, each column is for a different output;   

 vmax ℜ∈   maximum applied voltage 

 vmin ℜ∈   minimum applied voltage 

 Solve: 

 max ( min(Iij:  Lij = 1) – max(Iij:  Lij = 0) ) subject to   (4.1) 

  I = DA,C,L(b,S) 

  vmin ≤ vlo ≤ vhi ≤ vmax  

  |(i:  bi(t) = function for Input j)| ≥ 1  j = 1 . . . lin 

  |(i:  bi(t) = function for Output j)| = 1  j = 1 . . . lout 

  S ∈ (0,1)m 

Note that I is a function of b and S rather than b and G because G is a function of S.  

Solutions of a slightly altered formulation of this problem are discussed in a subsequent 

section.  A brief formulation of the optimization problem with omniscience is presented 

in the next section. 
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4.2.2 Optimization Problem with Omniscience 

In the realistic model of a nanocell, switches are set to “on” and “off” states when the 

voltage drop across the switch reaches a certain level.  Voltage pulses can only be applied 

at the I/O pins on the edge of the nanocell.  This problem of finding voltage pulses that 

give rise to certain switch states can be formulated as an optimization problem.  Given a 

nanocell and a desired vector of switch states, the problem is to find a series of voltage 

pulses at the I/O pins that give rise to S.  This can be formulated as an unconstrained 

optimization problem. 

 Given: 

 S ∈ (0,1)m
 vector of desired switch states 

 E: C→(0,1)m E takes a continuous function of time, mu ℜ→ℜ: (the pattern of  

voltage pulses at the I/O pins over time) and returns the resulting  

switch states 

 Solve: 

 min  E(u) – S   

The details of the function E are outside the scope of this thesis. 

4.2.3 Optimization Problem with Mortal Switching 

Dropping the omniscience and omnipotence assumptions results in an extremely difficult 

optimization problem.  The problem is a combination of the two previous problems.  

Stated simply it is:  given the nanocell (not the adjacency matrix, though), the desired 

logic and the IV characteristic of the molecule in each state, 
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 max ( min(Iij:  Lij = 1) – max(Iij:  Lij = 0) ) subject to 

  I = DL(b,S) 

  S = E(u) where u is a vector of voltage pulses over time 

So we search the space of all possible voltage pulses over time such that for the resulting 

nanocell, there exist voltages b(t) with which the nanocell functions as the desired logic 

gate.  Consider an algorithm that searches this space.  Each time a set of voltage pulses is 

evaluated, the nanocell is changed.  Hence, each step in the space cannot be reversed.  

Possible strategies for tackling this problem are addressed in the section on future work. 

 For the remainder of this thesis, unless otherwise noted, the nanocell training 

problem is addressed using the assumption of omnipotence.  Once again, in the proof-of-

concept stage, this is a reasonable and useful assumption.  Much progress has been made 

in understanding the way the molecules work together by using this supposition.   

In the next section a simplified version of the optimization problem with 

omnipotence is presented. 

4.2.4 Simplified Optimization Problem with Omnipotence 

In this section, certain simplifying assumptions are made to the nanocell optimization 

problem with omnipotence.  Note that the problem can be simplified by restricting the 

types of input voltages applied to the I/O pins.  They could be restricted to step functions, 

or maybe further restricted to a finite number of categories, i.e. input, output, ground, 

high rail, low rail, clock, etc.  The problem can be simplified even further by assuming 

that the settings of the I/O pins are fixed.  In addition, by fixing “on” and “off” current 
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thresholds, the problem can be formulated as an optimization problem with a constant 

objective function, or equivalently as searching for a feasible solution to a nonlinear 

system.  The nanocell optimization problem (3.5) with these is additional suppositions is: 

 Given: 

 mnA ×ℜ∈   incidence matrix for graph of nanocell with n gold particles  

and m molecular switches, where edges incident with an 

I/O pin have only one endpoint; aij = 1 if edge j flows into 

node i, aij = -1 if edge j flows out of node i, and aij = 0 

otherwise 

 ntv ℜ→ℜ:)(   vi(t) = voltage of node i at time t 

 mC ℜ∈   Ci = capacitance of edge i 

 mm
SG ℜ→ℜ:  (GS)i (u) = current as a function of voltage for edge i; if 

edge i is “on” then (GS)i  is the “on” I(V) function and (GS)i 

is the “off” I(V) function if edge i is “off”; mu ℜ∈ , ui = the 

voltage drop across edge i 

 mtb ℜ→ℜ:)(  bi(t) = input voltage across edge i as a function of time t 

 lin ∈ Z+   number of distinct inputs (multiple pins can be set to same  

input) 

 lout ∈ Z+  number of outputs 

 out
inl lL ×⋅∈ )22(}1,0{  table of logical outputs; each row is for a different truth  

test, each column is for a different output;   
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 ton   “on” current threshold 

 toff   “off” current threshold 

 Solve: 

 max 1  subject to      (4.2) 

  I = DA,C,L,b(S) 

  Iij – ton ≥ 0 for all Iij such that Lij = 1 

  toff  – Iij ≥ 0 for all Iij such that Lij = 0 

In the next section, an overview of a program written to find a solution to (4.2) is 

presented. 

The simplified optimization problem with omnipotence is particularly well-suited 

to genetic algorithms.  After presenting the fundamentals of genetic algorithms, a 

heuristic for solving this optimization problem is presented. 

4.3 Genetic Algorithms 

Genetic algorithms (GA) work by taking a population of individuals, represented as 

strings of 1’s and 0’s, quantifying their fitness, then recombining them to generate a new 

population of children.  Usually the first generation is randomly created, and then three 

operators are used to produce each subsequent generation:  selection, crossover and 

mutation.   

First two parents must be selected.  They are either selected randomly or more fit 

individuals are given preference.  The random method is obvious.  The most simplistic 

method of giving preference is to use roulette wheel selection.  Each individual is given a 
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portion of a roulette wheel that is proportional to its fitness.  The wheel is spun to select 

each parent.  Hence, the most fit individual is most likely to be selected as a parent, and 

the least fit individual is the least likely to be chosen.  Another method of selection is 

tournament selection.  In tournament selection, a subset of n individuals is chosen, and 

the two most fit of this group are chosen to reproduce next.  Tournament selection has the 

advantage of varying the degree to which the most fit individuals are favored.  Favoring 

them too much can cause the problem of too little population diversity [20]. 

Once two parents are selected, they must be recombined to form two new 

children.  Single point crossover is the simplest recombination method.  If the length of 

the chromosome (the string of 1’s and 0’s representing each individual) is m, then some 

point p between 1 and m – 1 is chosen as the crossover point.  To create the first child, the 

first p bits of the first parent are combined with the last m – p bits of the second parent.  

The second child is created by attaching the first p bits of the second parent to the last    

m – p bits of the first parent.  Alternatively, with n-point crossover, n crossover points are 

selected and the children are produced analogously.  This process is demonstrated in 

Figure 4.2.  In uniform crossover, a coin is flipped for each bit of the chromosome.  If it 

is heads, the first child gets this bit from the first parent, and the second child gets this bit 

from the second parent.  If it is tails, then the first child gets this bit from the second 

parent, and the second child gets this bit from the first parent.  Hence, uniform crossover 

is similar to n-point crossover, except the number of crossover points changes with each 

new pair of children.  Uniform crossover is demonstrated in Figure 4.3.  The two parents 
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are both automatically replaced by their children, or of the four individuals, the two most 

fit are kept and the other two discarded [20]. 

After crossover, each of the two new children is mutated.  Each bit of each new 

child is flipped with some probability p.  Mutation keeps the GA from losing certain 

chromosomal information.  For instance, without mutation if every individual in the 

current generation has a “0” in some particular bit, then it is impossible for subsequent 

generations to have a “1” in this bit.  Hence, potentially beneficial genetic information is 

not lost when mutation is used [20]. 

After a new generation is produced, the fitness of each new individual is evaluated 

and the replacement process begins.  First, replacement can simply be generational.  The 

older generation is replaced by the newer generation regardless of how the fitness values 

compare.  Another strategy is to choose the two most fit individuals among the two 

parents and two children.  Yet another strategy is to make a slight variation of 

generational replacement called elitism.  Each new generation replaces the older 

generation, but one or two of the most fit individuals of the older generation are always 

copied into the younger generation [20]. 

There are some potential problems with using a genetic algorithm.  First a lack of 

population diversity can cause premature convergence.  Crossover becomes ineffective 

when the chromosomes of the two parents are too similar.  Giving too much preference to 

more highly fit individuals can cause this problem.  A balance must be maintained 

between giving preference based on fitness and preserving population diversity.  Another 

potential problem concerns the fitness function.  You may not be measuring what you 
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intend to measure, and will therefore give preference to inferior individuals.  These are 

both problems that arose in training nanocells, and the solutions are presented later in this 

chapter. 

In the next sections the process of training nanocells as well as the specifics of the 

genetic algorithm used to train nanocells are discussed. 

4.4 Training Process 

The primary factor in determining the functionality of a nanocell is the IV characteristic 

of the molecule used.  Hence, I have found that before beginning to train nanocells it is 

essential to first gain an understanding of the particular molecule used.   

4.4.1 Testing the Molecule 

 My first step in working with the molecule is to simply study the IV curve of the 

high conducting state and try to figure out which logic gates would make sense.  For 

instance, consider the dinitro IV displayed in Figure 3.6.  Note that the peak voltage is 

about 0.6 V, and the valley voltage is about 0.8 V.  I look at this curve and see several 

logical possibilities.  First the very simple gates, AND and OR look feasible (these truth 

tables are shown in Tables 4.1 and 4.2.  For both of these gates suppose that the “on” 

input voltage is such that with one pin “on”, the output current is about half of its max 

and with two pins “on” the output is at its max.  Then for two voltage sources attached to 

a dinitro molecule, output current thresholds IOL and IOH and/or input voltages VIL and VIH 

can be set so that this single molecule functions as either an AND or an OR.  In Figure 
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4.4 a nanocell comprised of just three molecules is displayed.  This cell can work as 

either an AND or an OR depending on input voltages.  The input voltages and output 

currents for an AND gate and an OR gate are displayed in Figures 4.5 and 4.6. 

Now consider an inverter whose truth table is shown in Table 4.3.  Note that NDR 

is essential to obtain this logic.  Suppose that the “off” input voltage is such that output 

current is at its peak, and the “on” input voltage is such that output current is at its valley.  

Then a voltage source hooked to a dinitro (or any NDR molecule) should function as an 

inverter.  In Figure 4.7 a nanocell with a single molecule functions as an inverter with 

input voltages and output currents displayed in Figure 4.8. 

An XOR also seems feasible with this molecule.  Its truth table is shown in Table 

4.4.  Once again, because this gate requires negation, NDR is vital.  Let the “on” voltage 

be such that output current is near its peak with one input pin “on”.  Then with two pins 

“on”, the output current should be at its valley.  Therefore, it is intuitive that two voltage 

sources hooked to an NDR should function as an XOR.  The nanocell displayed in Figure 

4.4 works as an XOR with output as shown in Figure 4.9. 

 Now consider a NAND gate whose truth table is displayed in Table 4.5.  Again 

NDR is necessary for this gate.  Suppose that the “off” voltage is about ¼ of the peak 

voltage and the “on” voltage is about ¾ of the peak voltage.  Then with both inputs “on”, 

the output current should be pushed into the valley.  Output current thresholds can be set 

so that the output is “on” when zero or exactly one input pin is “on”.  Once again, the 3-

molecule nanocell displayed in Figure 4.4 functions as a NAND.  The corresponding 

input voltages and output currents are displayed in Figure 4.10.  Note that one can obtain 
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an inverter from a NAND gate.  If one input is held to high voltage (high rail), then a 

NAND inverts the second input.  Hence the NAND setup works as an inverter if one pin 

is set to high rail. 

What about more complex truth tables?  First consider the truth table of a half 

adder which is shown in Table 4.6.  A half adder simply adds two one bit numbers 

together.  Note that output 1 is simply an XOR gate, while output 2 is an AND gate.  So 

this truth table seems achievable with the dinitro molecule, or something similar.  Note 

that the input voltages mentioned above were different for an XOR and for an AND.  

However, for a half adder, the input voltages must be the same.  This is easily resolved by 

the genetic algorithm in the training process.  Lower input voltages can be replaced by 

longer paths between the input and the output.   

Next consider a 1-bit adder, which is very similar to a half adder.  The difference is 

that a 1-bit adder, or full adder, has three inputs, one of which is for a carry-in.  Hence, 

with a full adder every 2-bit number is a possible output.  Looking at the truth table of 1-

bit adder (see Table 4.7), it is not immediately clear whether the dinitro molecule should 

be sufficient.  First consider output 1.  It is simply a majority gate on the three inputs.  If 

two are more inputs are “on”, then output 1 should be “on”.  This is synonymous to an 

AND gate and seems reachable with the dinitro.  Now consider output 2.  It should be 

“on” if exactly one or three inputs are “on”.  Suppose that VIH is the input high voltage.  

Then VIH should turn output 2 “on”, 2⋅VIH should turn it “off” and 3⋅VIH should turn it 

back “on”.  Initially, I attempted to train nanocells containing dinitro molecules as full 

adders and was unsuccessful.  Eventually I stopped and thought about the IV curve.  It 
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doesn’t look trainable with this IV.  I decided that I needed a molecule that went from 

high current to low current and back to high current again.  Fortunately, molecules 

exhibiting this behavior have been synthesized [11], [15].  However, to more easily train 

adders with good “on-to-off” ratios, I used the idealized version of this curve shown in 

Figure 3.7.  Adder behavior makes sense with this molecule.   

Thus far I have discussed the intuition used to train voltage in – current out 

nanocells.  However, the voltage in – voltage out setup involves bistable latches which 

are driven by input current.  Hence, molecules that work for one setup also work for the 

other.  However, there is an additional step for voltage in – voltage out.  The NDR 

molecules used in the latch must be tested to determine the “on” and “off” input voltages 

(VIH and VIL) as well as the input currents that break the latch.  This can be done by 

simply graphing the latch NDR, g(V) and g(V - VBIAS) as in Figure 4.11.  In addition tests 

on the latch with a simple input current source are performed as in Figure 3.15. 

Once the molecules are tested, then full nanocells are tested to find appropriate 

input voltages.  The voltages that worked for 1 to 4 molecules must be increased to work 

for a full-sized nanocell.  In addition, for the voltage in – current out setup, appropriate 

output current thresholds, IOL and IOH must be determined.  Running the output of a single 

nanocell is usually sufficient to find reasonable settings. 

It is my experience that intuition as to which logic gates are possible with a given 

nanocell is usually correct.  However, it should be noted that if a nanocell contains 

different molecules, then different logic gates may become possible.  For instance two 

molecules with different peaks connected in parallel will give the net effect of a single 
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molecule with two peaks as shown in Figure 4.12.   This has been observed in 

experiments by nanocell collaborators at Motorola [21].  Additionally, intuition should 

always be questioned.  I hypothesized that a molecule with a plateau after the peak would 

result in superior logic gates.  It seems as if they will work for very large voltage ranges.  

However, in testing the molecule shown in Figure 4.13 I found that it is actually very 

difficult to get negation with these.  Hence, intuition should always be tested. 

In the next section, the precise genetic algorithm used to train nanocells is 

presented. 

4.4.2 Genetic Algorithm Used in Training Nanocells 

A pictorial overview of the nanocell GA is shown in Figure 4.14.  Random configurations 

of the same nanocell are generated, each individual is evaluated, then a new population is 

produced through crossover and mutation. 

The first step in a GA is to generate an initial population.  The nanocell GA uses a 

random population of 25 individuals.  Tournament selection with a tournament size of 5 

is used to choose parents.  If two chosen parents have the same fitness, then a new parent 

is chosen.  Both uniform crossover and 5-point crossover are used with comparable 

success.  The mutation probability is 
l2

1 where l is the length of the chromosome, or 

number of switches.  Replacement is generational, so parents are replaced by their 

children regardless of relative fitness.  However, elitism is used so that the two best 

individuals are always copied into the next generation. 

--
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As mentioned previously, a balance must be maintained between population 

diversity and preference to the highly fit.  In this nanocell GA preference is given by 

using tournament selection and by saving the two best individuals of each generation.  

Population diversity is maintained by always replacing parents with children regardless 

of their fitnesses and by not allowing parents with identical fitnesses to mate.  These 

parameters have worked very well in training nanocells.  In Figure 4.15 there is a graph 

of generation vs. fitness for an inverter.  Note that generational fitness goes to zero even 

though parents are replaced by their potentially inferior children. 

An undergraduate working on the nanocell project (Lauren Wilson) experimented 

with training nanocells using another Monte-Carlo search algorithm, simulated annealing 

[22].  Simulated annealing produced essentially the same results as the GA.  It is my 

opinion that in this case, the particular base search algorithm is not nearly as important as 

the manner in which it is adapted to the nanocell problem. 

4.5 Fitness Function 

In adapting the GA to the nanocell training problem, the fitness function is the most 

difficult issue.  First consider the voltage in – current out setup.  Recall that IOL and IOH 

denote the high and low output current thresholds.  Let i
jI denote the output current for 

the ith output pin at the jth time step.  Then the fitness can be defined  

( ) ( )∑ ∑∑
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However, suppose the target logic gate is a NAND, and consider the output graphs shown 

in Figure 4.16, where (a) is the target.  The graph shown in (b) is on the correct scale but 

does not have NAND behavior.  On the other hand, the graph shown in (c) has the correct 

shape but is simply on the wrong scale.  Output (c) is definitely the more desirable of the 

two, but it will get a lower score because its current is too low at almost every 

measurement.  However, output (b) will get a fairly good score because it is only wrong 

at one measurement.  This example is analogous to the illustration of a broken watch.  A 

clock that does not work is still correct twice a day, whereas a clock that is one second 

slow will never be correct.  Hence, it is necessary to measure both the magnitude and the 

shape of the output current. 

The fitness function is computed as before in (4.3), but the score for each individual 

output is scaled based on the slope of certain portions of the graph before the output 

scores are summed.  The particular portions and the severity of the scaling differ from 

logic gate to logic gate.  I found, for instance, that what works for a NAND does not 

work for an XOR gate or an AND gate.  This makes sense because a potential AND gate 

should be rewarded if the current for the “1 1” test is greater than the current for the “0 1” 

or “1 0” test.  A NAND gate, on the other hand, should be penalized for such output.  

Hence, in the nanocell simulator a current scaling scheme is read in based on the 

particular truth table. 

Scoring a voltage in – voltage out nanocell with bistable latches is very different.  

Recall that for a latched output there are only two possible output voltages.  Therefore, if 

there are n different outputs then there are only 2n possible output graphs and the problem 
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is now a discrete optimization problem.  Suppose you are training an XOR and two 

configurations of the nanocell have identical output.  How can you tell which one is 

closer in some sense to the desired XOR output?  The answer is to consider output 

current as well as output voltage.  Recall that the current through the output pin is what 

causes the output node to latch high or low.  The fitness for a voltage in – voltage out 

nanocell is therefore computed by first finding the basic fitness score as in (4.3), except 

the output voltage, rather than output current is measured.  Next the score is scaled based 

on output current as in the voltage in – current out scenario.  In Figure 4.17 there is an 

example of the output voltage and current of an XOR gate.  

Now that the fundamentals of the nanocell training process are clear, the results of 

this nanocell training process are presented in chapter 5. 
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e1 
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0 1 1 0 0 1 0 0 0 1 0 1 0 0 
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Coin Toss 

0 1 1 1 0 0 1 0 0 1 1 1 0 0 
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In 0 

Out 0 
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Figure 4.1  Because their voltage drops are identical, these two molecules switch 
simultaneously. 

Figure 4.2  In n-point crossover, n points in the vector are randomly chosen, and 
crossover is performed to produce two new children. 

Figure 4.3  In uniform crossover, a coin is flipped for each switch state.  For heads, the 
first child gets the first parent’s switch state, and the second child gets the second 
parent’s switch state.  For tails, the opposite action is taken. 

Figure 4.4  These three molecules with two inputs and one output can function as a 
NAND, AND, OR or XOR. 
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Figure 4.5  The first two graphs are input voltage, and the bottom graph is output 
current for the 3-molecule AND gate shown in Figure 4.4.  Note that current is highest 
when both inputs are high. 
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In 0 Out 0 

Figure 4.6  The first two graphs are input voltage, and the bottom graph is output 
current for the 3-molecule OR gate shown in Figure 4.4.  Note that the high threshold 
can be set so the output is high when either one or two inputs are high. 

Figure 4.7  This single molecule with one input pin and one output pin functions as an 
inverter. 
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Figure 4.8  The input voltage (top) and output current (bottom) are displayed for a 1-
molecule inverter (see Figure 4.7).  Note that when the input is high, the output is low, 
and vice versa.  The current spikes are due to simulation issues and would not occur in 
an actual nanocell. 
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Figure 4.9  The first two graphs are input voltage, and the bottom graph is output 
current for the 3-molecule XOR gate shown in Figure 4.4.  Note that current is high 
only when exactly one pin is high. The current spikes are due to simulation issues and 
would not occur in an actual nanocell. 
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Figure 4.10  The first two graphs are input voltage, and the bottom graph is output 
current for the 3-molecule NAND gate shown in Figure 4.4.  Note that current is low 
only when both pins are high. The current spikes are due to simulation issues and 
would not occur in an actual nanocell. 
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Figure 4.11  This is a clock NDR used in simulating nanocell training.  The resulting low 
and high voltages, VIL and VIH are shown, as well. 

Figure 4.12  These NDR molecules in parallel give two current peaks. 
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Figure 4.13  This molecule exhibits NDR along with a plateau.  It does not work well 
in simulations.   

Figure 4.14  This is an illustration of the nanocell GA.  An initial population of 
random nanocells is generated where the positions of particles and molecules are fixed, 
but switch states are randomly altered.  These are represented by binary vectors that are 
sent to the circuit solver HSpice.  Output signals are then generated and a fitness is 
determined for each cell.  Based on these fitness scores a new population is generated. 
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Figure 4.15  Displayed here is generation number vs. best fitness on a logarithmic scale.  
 

Figure 4.16  If figure (a) is the target output (NAND output), then figure (b) will get a 
better score than figure (c).  However, figure (c) is closer to the desired logic.  It is simply 
on the wrong scale.  Scaling the initial score based on the various slopes of the output 
alleviates this problem. 
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AND 
In 0 In 1 Out 0 

0 0 0 
0 1 0 
1 0 0 
1 1 1 

OR 
In 0 In 1 Out 0 

0 0 0 
0 1 1 
1 0 1 
1 1 1 

Inverter 
In 0 Out 0 

0 1 
1 0 

Table 4.1  This is the truth table for an AND gate. 

Table 4.2  This is the truth table for an OR gate. 

Table 4.3  This is the truth table for an inverter. 
 

Figure 4.17  On the left, the output voltage of an XOR gate is shown.  Note that due to 
the bistable latch, there are just two possible output voltages.  Output current is shown on 
the right.   
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XOR 
In 0 In 1 Out 0 

0 0 0 
0 1 1 
1 0 1 
1 1 0 

NAND 
In 0 In 1 Out 0 

0 0 1 
0 1 1 
1 0 1 
1 1 0 

Half Adder 
In 0 In 1 Out 0 Out 1 

0 0 0 0 
0 1 0 1 
1 0 0 1 
1 1 1 0 

1-Bit Adder 
In 0 In 1 In 2 Out 0 Out 1 

0 0 0 0 0 
0 0 1 0 1 
0 1 0 0 1 
0 1 1 1 0 
1 0 0 0 1 
1 0 1 1 0 
1 1 0 1 0 
1 1 1 1 1 

Table 4.4  This is the truth table for an XOR gate. 
 

Table 4.5  This is the truth table for a NAND gate. 
 

Table 4.6  This is the truth table for a half adder. 

Table 4.7  This is the truth table for an adder. 
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5 Trained Nanocells 

Before the nanocell computer architecture group began simulating the training of 

nanocells, no one knew whether anything useful could be done with a random array of 

NDR devices.  With the nanocell simulator, written by myself and Chris Husband, we 

have shown that in fact nanocells can be trained as fairly complex logical devices with 

the simplifying assumption of omnipotent training.  In this chapter, the specific logic 

gates trained as well as observations made during training are presented. 

5.1 Voltage In – Current Out 

In this section the results of the simulated training of voltage in – current out nanocells 

are presented.  Using this design, several complex, negating logic gates were trained, 

many of them easily.  Except for the four NANDs and the 1-bit adder, all of these 

nanocells were trained with the version of the simulator that worked with IsSpice. 

5.1.1 Trained logic gates 

Inverters, NAND gates, half-adders and 1-bit adders have been found using the nanocell 

simulator.  For the inverters, NANDS, and half-adders, the simulated I(V) curve 

displayed in Figure 3 was used to characterize the “on” and “off” states of the molecular 

switches.  A simulated I(V) curve with rectifying diode behavior was used for the 1-bit 

adder. 



 

 

63 

12 nanocells were randomly generated, and all 12 were successfully trained as 

inverters.  In Figure 5.1 the output of one of the inverters is shown.  The pin labeled “A” 

is set to input, and the pin labeled “1” is set to output.  High input voltage is set at 2 V 

and low input voltage is set at 0.5 V.  The output pin is considered “off” if there is < 7 nA 

recorded, and “on” if > 700 nA are recorded.  Hence, the “on-to-off” ratio is 100 to 1.  If 

the thresholds are allowed to vary with each nanocell, an “on-to-off” ratio of 1000 to 1 is 

obtained.  The accompanying plots show the voltage as a function of time (V(t)) for input 

A.  The corresponding output current through the output pin is also plotted as a function 

of time.  Note that Output “1” is high when Input “A” is low.  Likewise, the Output “1” is 

low when the Input “A” is high, which is the proper truth table sequence for an inverter 

(see Figure 5.1).  It took an average of four generations to train each inverter.  The 

simulation time depends primarily on the number of molecular switches in the nanocell.  

To run a generation of 25 individuals it takes approximately 10 sec if there are 10 

switches, 25 sec if there are 100 switches, and 250 sec if there are 1000 switches.  Hence 

four generations took about 160 sec on a 800 MHz desktop PC, virtually all of which was 

simulation time for IsSpice to operate.  In actual physical training time we estimate that 

this would take on the order of 1 msec since the nanocell and test electronics can operate 

at a rate of 100 MHz, thus 100,000 trials can be performed in 1 msec.  Encouragingly, 

three of the inverters were found in the initial random population, before the genetic 

algorithm began to converge upon a solution.  This indicates that the solution space is 

enormous, which will be helpful when the move is made toward more realistic mortal 
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switching and when considering defect- and fault-tolerant needs wherein multiple 

solutions are necessary. 

In addition to the inverters, input/output settings for NAND gates were 

discovered.  NANDs are particularly attractive since they constitute a functionally 

complete logic set meaning that any logic function could be created from NAND sets.  

The settings that were found to yield NAND gates are shown in Figure 5.2.  The logic for 

a NAND requires two distinct inputs.  The pins labeled “A” and “B” are the input pins, 

and the pin labeled “1” is the output.  High input voltage is set at 2 V, while low input 

voltage is set at 0.5 V.  The output pin is considered “off” if there is < 6.9 nA recorded, 

and it is considered “on” if > 345 nA are recorded.  Hence, there is a 50 to 1 “on-to-off” 

ratio.  As with the inverters, an even better “on-to-off” ratio (100 to 1 or 1000 to 1) was 

obtained when the thresholds vary from nanocell to nanocell.   The accompanying plots 

show the V(t) for the inputs “A” and “B” and the corresponding output current over time.  

Note that Output 1 is high when either Inputs “A” or “B” are high, but low when both 

Inputs “A” and “B” are high, in concert with the accompanying NAND truth table in 

Table 4.5.   

12 nanocells were randomly generated, and all 12 were successfully trained.  

However, the pin settings had to be adjusted to get one of the NANDs to converge since 

it was too sparse around the original input pins, so the locations of the pins were changed 

from the upper right corner of the nanocell to the lower left corner.  After this change, the 

nanocell was successfully trained as a NAND gate.  On average it took about nine 

generations for each NAND to converge.  This took about 6 min to run due to the SPICE 
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simulations.  Again, this should take merely milliseconds in actual physical training time 

(vide supra).  As with the inverters, two NAND gates were found in the initial random 

population.  Once again, this indicates a vast solution space, which will be extremely 

helpful when the assumption of omnipotence is dropped. 

To test the robustness of the NAND gates, input “B” is held to high voltage while 

input “A” is swept from “off” to “on” to “off”.  Next, “A” is set to constant high voltage, 

and “B” is swept from “off” to “on” to “off”.  For both of these tests, each NAND gate 

functions as an inverter with the “on” and “off” thresholds given for the NANDs.  As 

anticipated, this implies that the NAND gates are robust. 

Finally, a 1-bit adder has been trained (Figure 5.3) with a 70-nanoparticle, 1000-

molecular switch nanocell, where the molecules exhibit rectifying diode behavior as 

displayed in Figure 3.7.  In Figure 5.3, the pins labeled “A” are set to the first input, those 

labeled “B” are set to the second input, and those labeled “C” are set to the third input.  

The output pins are labeled “1” and “2”.  High input voltage is set at 1.8 V, while low 

input voltage is set at 0 V.  The output pin is considered “off” if there is < 50 pA 

recorded.  It is considered “on” if > 100 pA are recorded.  The accompanying plots show 

the V(t) for the inputs and the corresponding output currents over time.  Improved search 

techniques and the exploitation of different molecules and pin settings should improve 

upon the 2:1 “on-to-off” ratio exhibited here. This result is significant in that it 

demonstrates that a nanocell can be trained as a complex logic device with multiple 

outputs. 
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Observations made in the genetic algorithm trials indicated that to train a nanocell 

as a NAND, one must simply have enough molecular switches in the “on” state near the 

input and output pins.  Additionally, the number of “on” molecules between input A and 

the output should be approximately the same as the number between input B and the 

output.  This conclusion indicated that a single nanocell could be trained as several 

independent NANDs.  I tested this hypothesis on a very large nanocell – approximately 

900 nanoparticles and 9000 molecular switches, with multiple switches between adjacent 

nanoparticles.  The nanocell is displayed in Figure 5.4 where each two-letter set is the 

independent NAND input, i.e. “A” and “B”, working in concert with the nearby output 

designated by a numeral, i.e. “1”.  The molecular switches in each of the four corners are 

in the “on” state while the molecular switches in the middle of the cell are “off”.  This 

establishes a barrier between the four corners.  Each of the four corners of this single cell 

functions as an independent NAND gate with minimally a 15:1 “on-to-off” ratio.  This 

nanocell might be straightforward to train mortally by initially adding all the molecules 

into the cell in an “off” state.  Next, apply enough voltage to the input pins in each corner 

to turn “on” most of the molecules in that region.   The result should be that each corner 

functions as an independent NAND. 

5.1.2 Observations 

Several observations were made in training these nanocells.  These observations prove 

the efficacy of the omnipotence assumption.  First, the voltage in – current out model is 

very robust.  The input voltages can be varied by as much as 0.5 V, and the nanocell 



 

 

67 

retains its logical function.  We also learned that to train inverters, XORs and NANDs, it 

is sufficient to simply have enough molecules in an “on” state.  In addition a nanocell that 

functions as a NAND will also function as an inverter or an XOR by making very simple 

changes to the input voltages.  For instance, hold one input pin at high voltage and a 

NAND works as an inverter.  Simply lower the input high and low voltages to get an 

XOR from the same nanocell (with no change in molecular switch states).  Similary, an 

XOR will function as a NAND or an inverter with similar changes.  Recall that three 

molecules will function as a NAND, XOR, AND or OR.  A NAND or XOR can be used 

as an inverter if one input is held to high voltage.  Similar results are found when training 

full-sized nanocells.  In fact, training any of the standard 2 input – 1 output logic gates 

(AND, OR, NAND, XOR, NOR) is very straightforward with the voltage in – current out 

model.  Not all of them were specifically mentioned in the previous section simply 

because many of them are similar.  NAND, NOR and XOR are very similar and AND 

and OR are very easy to train (they don’t even require NDR). 

 In simulating the omnipotent training of nanocells, a great deal was discovered 

about the IV characteristics that are desirable in a molecule.  First, as mentioned 

previously, plateaus are not helpful.  The current should peak and then come back down 

(Figure 3.6 vs. Figure 4.13.  In addition, basically any NDR molecule will work for a 

NAND, inverter or any logic gate where the 0 0 . . . 0 input implies an output of 1 1 . . . 1.  

On the other hand, more is required for logic gates such as XOR, half adder, 1-bit adder 

or any logic gate where the 0 0 . . . 0 input implies an output of 0 0 . . . 0.  Namely, the 

molecule should conduct very little (the closer to zero, the better) current for negative 
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voltage drops.  Initially, we had no success in training such logic gates.  An 

undergraduate, Jonathan Daniels, who worked on the nanocell team last summer, 

discovered that asymmetric IV curves made it possible to get NANDs.  We later 

narrowed this down to the fact that the high conducting IV should conduct little to no 

current for negative voltage drops.  Note that for asymmetric IV curves, the molecules 

must be modeled as directed edges because current will flow more in one direction.  

Therefore, from this point on, the nanocell graph is modeled as a planar graph with 

multiple, directed edges. 

 In addition to these observations, we also found that the nanocell training problem 

is vastly more difficult for logic gates with multiple outputs.  One strategy for dealing 

with this problem is to use a separate set of inputs in a separate portion of the nanocell for 

each unique output.  This strategy was utilized for the 1-bit adder displayed in Figure 5.3.  

The disadvantage is that this requires much more power to drive the nanocell, and many 

more pins are needed for input. 

5.2 Voltage In – Voltage Out 

In this section, the results of voltage in – voltage out training are presented.  Recall that 

with this model, the output pins are latched (see Figure 3.16).  This model offers the 

advantage of uniformity of signal and restoring logic but at the cost of robustness of the 

logic gates.  Note that in this section the nanocells are smaller with one I/O pin to each 

side.  Chris Husband came up with a new idea for a nanocell computer architecture that 

seems easier to train mortally.  Instead of attempting to train very complex logic such as a 
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2-bit adder in a single nanocell, limit the nanocell to one I/O pin per side.  Then let a half 

adder be the most complex nanocell.  Then two half adders along with an XOR make a 2-

bit adder.  Hence, a 2-bit adder could be constructed in a smaller space with three 4-pin 

nanocells than with one 20-pin nanocell.  A picture of this architecture is shown in Figure 

5.5 [7].  These 13 cells make up a 4-bit adder that requires 7 clock cycles, represented by 

contrasting shades in the figure.  Note that the cells with just arrows are simply nanocells 

that copy an input to the subsequent clock cycle (some copy two inputs).  These are 

called delays or cornerturns and are easily trainable.  A memory design is also shown, as 

well as a picture of four of these smaller nanocells wired together. 

 Recall that with the voltage in – voltage out model, the output pins are connected 

to bistable latches.  A potential architecture that includes this feature is displayed in 

Figure 5.6 [7]. 

Note that with these smaller nanocells every molecule is within a few molecules 

of a pin, so each edge should be reachable with a voltage pulse from a pin.  Therefore, for 

this section the nanocells are smaller than those shown in the previous section. 

The details of the specific logic gates trained as well as observations made in 

training are given below. 

5.2.1 Trained logic gates 

Several voltage in – voltage out logic gates have been trained.  The IV curve of the NDR 

molecule used in most of these cells is shown in Figure 4.11.  If this precise NDR was not 
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used, then one with a similar IV was used.  Note that the latched voltages are shown in 

the figure.   

 The first voltage in – voltage out nanocells were trained as XORs to show that 

negation is feasible with this model.  One of these XORs in a bigger nanocell is shown in 

Figure 5.7.  The input voltages, output voltage and input current are shown.  The dotted 

line in each graph is the clock voltage.  Note that the output voltages exactly equal the 

input voltages of 0.12 V and 1 V.  After demonstrating the feasibility of the design, I 

began training the individual nanocells required for the circuit shown in Figure 5.5.  First 

I trained cornerturns as they converge easily (see Figure 5.8.  Then I trained XORs in 4-

pin nanocells.  An example of a trained XOR is shown in Figure 5.9.  Next I trained an 

AND gate, which is one of the outputs of a half adder.  A picture of one of these 

nanocells is shown in Figure 5.10.  After determining that each output of a half adder 

could be trained separately, I began training half adders.  Approximately ten nanocells 

have been successfully trained as half adders to date.  A picture of one such nanocell is 

shown in Figure 5.11.  Training these cells is a very significant accomplishment in that 

only one set of inputs were used, and a fairly complex device was obtained from a 

relatively small array of molecules. 

 After successfully training the pieces of the 4-bit adder shown in Figure 5.5, I 

began to try to hook nanocells together.  The details of this work are given in section 5.3, 

but due to the obstacles encountered, I began to train simpler voltage in – voltage out 

logic gates.  I trained OR gates, and one such nanocell is shown in Figure 5.12.  I also 

wanted to train the simplest negating gate, so I trained several inverters (see Figure 5.13). 
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 For each of the logic gates mentioned in this section, several were successfully 

trained.  With the exception of half adders, none of the nanocells failed to train as the 

target logic device.  The half adders were more difficult to train, and approximately 2/3 

of the attempts at training ended in success.  This figure could improve with superior 

molecular IV characteristics or with alterations to the search algorithm that tailor it more 

to a two output problem. 

5.2.2 Observations 

The first observation in training voltage in – voltage out nanocells is that while bistable 

latches offer the benefit of restoring logic, they come at the cost of a very sensitive logic 

gate.  Small changes in input voltage or capacitances can break the gate.  After much 

study by both Chris Husband and me, we have narrowed the problem down to one 

primary cause.  The latch is set high or low by the input current while VBIAS is rising.  

Note that for any of the trained nanocells, the current is always changing drastically at 

this point.  On the other hand, for the bistable latch tests shown in Figure 3.15, the input 

current is always constant.  Therefore, the bistable latches are much more robust when 

the input current is constant.  We are currently investigating ways to alleviate this 

problem by either altering the bistable latch model or employing an alternative means to 

get restoring logic. 

 Another potential problem with bistable latches is current drain through input 

pins.  This can make the bistable latches on output pins less effective.  This problem is 
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easily solved by allowing no molecules to be directed into an input pin.  Hence, it is not 

possible for current to flow in this direction. 

 In the following section the problem of hooking nanocells together to work in 

concert is discussed. 

5.3 Hooking Nanocells Together 

The point of using a voltage in – voltage out model with bistable latches for restoring 

logic is to eventually hook multiple nanocells together to work in unison.  This has been a 

very difficult problem for the nanocell computer architecture team, and we are still trying 

to gain a better understanding of the obstacles involved.  A good deal of progress has 

been made, though. 

 First as shown in the previous sections, nanocells have been trained that exhibit 

both uniformity of signal and restoring logic.  While complex gates such as half adders 

were trained, I was unsuccessful in hooking half adders together; I did have some success 

in hooking together less complex gates.  First, a half adder was successfully connected to 

a corner turn gate.  The nanocells along with their input and output graphs are displayed 

in Figures 5.14 and 5.15.  Note that the output of pin 12 serves as the input of pin 14, then 

this signal is copied to pin 13 on the subsequent clock cycle.  In addition, three OR gates 

were successfully hooked together.  The nanocell diagram along with input and output 

graphs are shown in Figures 5.16 and 5.17.   

 Although multiple complex logic gates were not successfully connected together, 

it is significant that multiple gates were connected and that a negating gate was hooked to 
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another nanocell.  In attempting to hook nanocells together, I found that nanocells whose 

output current is approximately the same shape as their output voltage tend to be easier to 

connect to other nanocells.  In chapter 7, strategies for dealing with this interconnect 

problem are presented.  In the following chapter, proofs involving both necessary and 

sufficient conditions for training nanocells are presented. 
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Figure 5.1  This is a nanocell trained as an inverter.  Pin “A” is set to input, and pin “1” is 
set to output.  The input voltage and output current are displayed, as well. 
 

Figure 5.2  This is a nanocell trained as a NAND gate.  Pins “A” and “B” are set to 
input, and pin “1” is set to output.  The input voltages and output current are displayed, 
as well. 
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Figure 5.3  This is a nanocell trained as a 1-bit adder.  Pins “A”, “B” and “C” are set as 
inputs, and pins “1” and “2” are set to output.  The input voltages and output currents 
are displayed, as well.  This result is particularly significant because two entirely 
different signals are obtained from output pins in the same cell. 

Figure 5.4  This is a nanocell trained as four independent NAND gates.  The molecules 
in each corner are “on”, while others are “off”.  Pins “A” through “H” are set to input, 
and pins “1” through “4” are set to output.  Pins “A”, “B” and “1” form one 
independent NAND, etc.  The “on” to “off” ratio is 15 to 1.  If all molecules are “on”, 
there are still four NANDs.  The “on” to “off” is just 2 to 1.  Note that this nanocell 
looks fairly straightforward to train in a mortal fashion. 
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Figure 5.5  This is a molecular electronics architecture using 4-pin nanocells.  The 
picture on the left depicts a four bit adder comprised of corner turns (        ), half adders 
(*) and XORs (        ).  Each shade represents a different clock cycle.  The figure on the 
right illustrates four nanocells wired together. 
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Figure 5.6  This is an architecture that includes bistable latches.  The side view 
demonstrates the bistable latch outside the nanocell.  The figures on the right illustrate 
a potential process for constructing such a nanocell. 
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BA Out BA Out

Figure 5.7  This is a nanocell trained as an XOR gate.  Pins “A” and “B” are set to 
input, and pin “Out” is set to output.  Input voltages and output current and voltage are 
shown. The dotted line is the clock voltage for the bistable latch. 
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Figure 5.8  This is a nanocell trained as a corner turn.  Pin “In 0” is set to input, and 
pin “OutClk 0” is set to output.  Input voltage and output current and voltage are 
shown.  The dotted line is the clock voltage for the bistable latch. 
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Figure 5.9  This is a nanocell trained as an XOR gate.  Pins “In 0” and “In 1” are set to 
input, and pin “OutClk 0” is set to output.  Input voltages and output current and 
voltage are shown.  The dotted line is the clock voltage for the bistable latch. 
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Figure 5.10  This is a nanocell trained as an AND gate.  Pins “In 0” and “In 1” are set 
to input, and pin “OutClk 0” is set to output.  Output current and voltage are shown.   
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Out 
Clk 1 

Figure 5.11  This is a nanocell trained as a half adder.  Pins “In 0” and “In 1” are set to 
input, and pins “OutClk 0” and “OutClk 1 are set to output.  Output currents and 
voltages are shown.   
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Figure 5.12  This is a nanocell trained as an OR gate.  Pins “In 0” and “In 1” are set to 
input, and pin “OutClk 0” is set to output.  Output current and voltage are shown.   
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Figure 5.13  This is a nanocell trained as an inverter.  Pins “In 0” and “High” are set to 
input and high rail respectively, and pin “OutClk 0” is set to output.  Output current 
and voltage are shown.   
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Half adder 

Corner turn 

Figure 5.14  Depicted here is a nanocell trained as a half adder connected to a nanocell 
trained as a corner turn.  The architecture that uses these cells is displayed in Figure 
5.5.  The input and output signals are shown in Figure 5.15 
 

! 
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Figure 5.15  Input voltages and output currents and voltages are displayed here for the 
half adder and corner turn shown in Figure 5.14.   
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Figure 5.16  This figure displays three OR gates hooked together.  The input and output 
traces are displayed in Figure 5.17. 
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Figure 5.17  These are input and voltages and output voltages for the three nanocell OR 
gates shown in Figure 5.16.  Note that outputs of two of the nanocells serve as inputs for 
the third nanocell. 
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6 Nanocell Proofs 

In this chapter, some proofs involving nanocells are presented.  After a proof concerning 

biconnected components in nanocells, there are several results on computing the 

probability that a random nanocell will function as a particular logic gate. 

6.1 Biconnected Components in a Nanocell 

In initial tests, some nanocells would not run in SPICE.  After examining these cells, a 

common characteristic was found.  As in Figure 6.1, there was some molecular switch, or 

edge, not on a path between two nonfloating I/O pins.  No current can flow through such 

a switch, so SPICE does not know how to handle them.  Hence, it is necessary to find and 

eliminate all switches that are not on a path between two nonfloating, or active, pins 

before evaluating the nanocell in SPICE.  The following algorithm is used to delete all 

such irrelevant switches.  Recall that a block in a graph is a maximal 2-connected 

subgraph.  If there are only two nonfloating pins, then the problem has already been 

solved.  The following theorem suggests an algorithm for finding all edges on a path 

between the two “active” pins. 

Theorem 6.1:  Let G be a graph and let a and b be nodes in G.  Let G + ab 

be the graph obtained from G by adding the edge ab.  A node v∈V \{a,b} 

lies on an ab path in G ⇔ v is in the block which contains a and b in G + 

ab. 

Proof:  Follows directly from proof of Theorem 6.3. 
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Based on this theorem, I formulated and proved Theorem 6.3, and implemented the 

following algorithm. 

1. Add a cycle among the nonfloating pins to create the graph G′.   

2. Find the block containing all nonfloating, or active pins.   

3. Delete all edges not contained in this block. 

Some definitions are necessary before presenting the next theorem.  Let G be a 

graph and let x,U  be such that ( )GVx∈  and ( )GVU ⊆ .  An x,U fan is a set of x,U paths 

such that any two of them intersect only at the node, x.  Note that if Ux∈ , then one of 

the paths can be the path of length 0 from x to x [23].  The following theorem is useful in 

proving that the algorithm above works. 

Theorem 6.2:  A graph is k-connected if and only if it has at least k + 1 vertices 

and, for every choice of x,U with kU ≥ , it has an x,U fan of size k [23]. 

Theorem 6.3 proves that this algorithm works. 

Theorem 6.3:  Let G be a graph and let A = {a1, . . ., at} be a subset of the 

nodes with 2≥t .  Let G′ be the graph obtained from G by adding the 

edges ei = aiai+1 for i = 1, . . ., t – 1 and the edge et = ata1.  A node v∈V \ A 

lies on some aiaj (i ≠ j) path in G ⇔ v is in the block of G′ that contains a1, 

. . ., at. 

Proof:  First note that since a1, . . ., at lie on a cycle in G′, they are in the 

same block B in G′.  To prove the forward direction, let v∈V \ A be a node 

that lies on an aiaj path in G.  Let 
1i

a be the first node in A as you move 

I I 
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from v to ai along the path.  Similarly, let 
1j

a be the first node in A as you 

move from v to aj along the path.   Clearly now, there are two disjoint 

paths from v to the cycle through the nodes in A.  Hence, v lies on a cycle 

with each node in A and is contained in the block B as demonstrated in 

Figure 6.2.   

 To prove the other direction, suppose that v∈B in the graph G′.  

Then consider the 2-connected subgraph B.  Let { }taaaU K21,= . By 

Theorem 6.2, there exists a v,U fan consisting of paths P1 and P2 that 

intersect only at v.  Let ai be the first node in A from v along P1, and let aj 

be the first node in A from v along P2.  This is illustrated in Figure 6.3.  

Hence there exists an ai-v-aj path in G.  

Before a nanocell is evaluated in SPICE, this algorithm is implemented to 

determine which nodes are contained in the block B.  Nodes that are not contained in this 

block are deleted along with all of their incident edges.  This process is demonstrated in 

Figure 6.4.  In this nanocell, there are 3 active pins:  Input A, Input B, and Output 1.  To 

find nodes that are not on a path between two of these active pins, first a cycle is added 

between A, B, and 1.  This is indicated by the dotted lines.  Next the block containing A, 

B, and 1 is found, and all edges with one or more endpoints not in this block are deleted.  

In the figure, nodes on some active path are white, and nodes on no active path are black.  

Likewise, pins on no active path are indicated by a “*”, and pins on some active path are 

not. 

 In the next section, the first step of proving nanocell probabilities is presented. 
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6.2 Observing Sufficient Conditions 

In Chapter 5 it was noted that to train voltage in – current out inverters and NANDs the 

nanocell just needs enough molecules in the “on” state.  In working with nanocells 

composed of just a few molecules I found that for inverters, a path of molecules in an 

“on” state between the input and output is both necessary and sufficient.  If the molecules 

are not symmetric, then they must be oriented so that current flows from the input to the 

output.  The conditions for NANDs are similar.  First, obviously it is necessary that there 

is a path from each input to the output.  In training nanocells and working with a few 

molecules, I observed that it is sufficient to have paths from each input to the output, 

some of which should intersect. 

 After observing these conditions, I decided to try to prove that such conditions are 

satisfied in a random nanocell.  I worked both large nanocells (approximately 200 

nanoparticles, 1000 molecular switches) and smaller nanocells (about 30 nanoparticles 

and 250 molecular switches).  These results are presented in the following sections. 

6.3 Isolated Nanoparticles 

As mentioned in section 3.1, a nanocell can be modeled as a planar graph on n nodes 

where each possible node appears in the graph with probability q and each possible edge 

appears with probability p.  In an actual nanocell, there are multiple, directed edges, but 

one can initially assume that the graph is not directed.  In fact, when considering isolated 

nanoparticles it does not matter whether the edges are directed.  It is shown in a 

subsequent section that for many problems it is equivalent to assume single edges with 
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some altered probability p´.  Hence for this section, each graph has single undirected 

edges.  In addition, let each node appear in the graph (q = 1) and let each edge appear 

with some probability p. 

 Isolated nanoparticles are not a concern in the nanocell.  This is merely a good 

place to start proving theorems about a nanocell.  First, a more precise nanocell model is 

necessary.  Suppose that a nanocell has n gold nanoparticles (nodes) and t terminals.  

Note that in Figure 6.5 almost every nanoparticle is adjacent to 6 particles or terminals 

and node has more than 6 neighbors.  Additionally, the only nodes with less than 6 

neighbors are those on the outside near the terminals.  Take this model but add edges 

where necessary between nodes and terminals so that d(v) = 6 for each node (not 

terminals) v.  

Suppose we want to compute the expected number of isolated nodes.  Let X(G) be 

the number of isolated nodes in the graph G with n nodes and possible edges as shown in 

Figure 6.5 (with additional edges added to pins so that d(v) = 6 for each nanoparticle, but 

not necessarily for each pin) each with probability p.  Then  

nXXXX +++= L21  where  

Xi = 1 if the ith node of G is isolated and 0 otherwise. 

Note that since the degree of each node is equal and the expectation is linear 

E(Xi) = E(X1) for ni K1=  

( ) ( )1XnEXE = . 

Therefore, 

( )61)( pnXE −=  [16]. 
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Suppose now that we want to compute the probability that a random nanocell graph 

has at least t isolated nanoparticles where t > 0.  Consider the following inequality. 

Theorem 6.4:  (Markov’s Inequality) If 0≥X  and 0>t , then 

t
XEtXP )()( ≤≥     [16]. 

Note that since )1(1)0( ≥−== XPXP ,  

6)1(1)0(
)(1)0(
pnXP

XEXP
−−≥=

−≥=
 

To get an upper bound on P(X = 0), consider the following, 

Theorem 6.5:  If 0)( ≠XE , 

1
)(
)()0( 2

2

−≤=
XE
XEXP    [16]. 

)( 2XE is computed below. 

∑ ∑
= ≠

+=
n

i ji
jii XXEXEXE

1

22 )()()(  here XiXj is an ordered pair 

∑∑
∈≠∉≠

++=
)(,)(,

2 )()()()(
GEvvji

ji
GEvvji

ji
jiji

XXEXXEXEXE  

∑∑
∈≠∉≠

−−+−−+=
)(,

56

)(,

662 )1()1()1()1()()(
GEvvjiGEvvji jiji

ppppXEXE  

111262 )1(2)1)(2)1(()1()( pmpmnnpnXE −+−−−+−=  

Now use this value to compute an upper bound on P(X = 0). 

1
)1(

)1(2)1)(2)1(()1()0( 122

11126

−
−

−+−−−+−
≤=

pn
pmpmnnpnXP  

Simplify to obtain the following. 
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Now we can state the following theorem. 

Theorem 6.6:  Given a nanocell with n nanoparticles and m edges where each 

nanoparticle has degree 6 and each edge has probability p, let X represent the 

number of isolated nanoparticles.  Then, 

( )
( ) 








−

+







−

−
≤=≤−−

p
p

n
m

pn
XPpn

1
21

1
11)0(11 26

6  

Note that in this model the endpoints of some edges are terminals, or I/O pins, and these 

are not counted as nodes in the graph.  In Figure 6.6 the expected number of isolated 

nodes in a 177 node, 626 edge nanocell is graphed as a function of edge probability p.  In 

Figure 6.7 both upper and lower bounds are displayed for P(X = 0).   

 In the next section, necessary and sufficient conditions are explored for both 

inverters and NANDs. 

6.4 Necessary and Sufficient Conditions for Inverters and NANDs 

As mentioned previously, it is necessary in any logic gate to have a path of “on” 

molecules from the inputs to the output.  In the following sections, the specific conditions 

for inverters and NANDs are discussed. 
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6.4.1 Inverters 

In some cases, as in an inverter in a small nanocell, a path of “on” molecules is necessary 

and sufficient.  To get an inverter in a large nanocell, the shortest path must not be too 

long.  So a relatively short path of “on” molecules is necessary and sufficient.   

Consider the nanocell displayed in Figure 6.8 with the left pin set to input and the 

right pin set to output.  We can find 5 internally disjoint paths from the input to the 

output, 4 of length 5 and one with length 4 as shown in Figure 6.9.  The shortest path is 

length 4, and there is only one such path.  The input and output are each degree five, so 

clearly this is an optimal packing of internally disjoint input-output paths.  If one of these 

paths exists in the nanocell, then the nanocell can be used as an inverter.  Hence, the 

existence of one such path is a sufficient condition for the nanocell to function as an 

inverter.  Let p be the probability of each edge.  Assume first that there are single, 

undirected edges.  Let PI/O represent the probability that there exists some path from the 

input to the output.  Let 521 ,, AAA K  be the 5 paths, where A1 is the path of length 4.  

Then the probability that path Ai exists is p4 if i = 1 and p5 otherwise.  Hence the 

probability the Ai does not exist is 41 p−  or 51 p− .  The probability that no such path 

exists is ( )( )454 11 pp −− .  Therefore the probability that some such path exists is 

( )( )454 111 pp −−− .  This bound is displayed in Figure 6.10. 

Disjoint edge cuts can be used in a similar way to obtain an upper bound on PI/O.  

Consider the 4 disjoint input-output edge cuts displayed in Figure 6.11.  The shortest path 

has length 4, so clearly there are at most 4 disjoint edge cuts.  Let B1, B2, B3, B4 represent 
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these four edge sets where 521 == BB  and 943 == BB .  If no edge in some cut Bi 

exists, then there is no path from the input to the output.  Therefore, the existence of at 

least one edge in each of these four cuts is a necessary condition.  The probability that no 

edge exists in Bi is either ( )51 p−  or ( )91 p− .  The probability that some edge in Bi exists 

is then ( )511 p−−  or ( )911 p−− .  Hence the probability that some edge exists in each Bi 

is ( )( ) ( )( )2925 1111 pp −−−− .  Now we have the following result. 

Theorem 6.7:  The probability that the nanocell displayed in Figure 6.8 with 

single undirected edges functions as an inverter is bounded as follows: 

( )( ) ( )( ) ( )( )2925
/

454 1111111 ppPpp OI −−−−≤≤−−− . 

These bounds are displayed in Figure 6.10. 

 These bounds are easily converted for nanocells with multiple edges.  Suppose 

that there are 6 edges between any pair of adjacent nanoparticles.  Then the probability 

that an edge exists between two adjacent nodes is ( )611 p−− .  Hence, in the above bound 

replace p with ( )611 p−−  to get the following result. 

Theorem 6.8:  The probability that the nanocell displayed in Figure 6.8 with 

multiple undirected edges functions as an inverter is bounded as follows: 

( )( ) ( )( ) ( )( )2925
/

454 1111111 ssPss OI −−−−≤≤−−−  where ( )611 ps −−= . 

These bounds are displayed in Figure 6.12. 

 The molecules in a nanocell will have direction.  Current will flow more freely in 

one direction than the other, so we should compute this bound for multiple, directed 

edges.  Suppose that there is a 50/50 chance that a molecule will be oriented in either 

I I I I I I I I 
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direction.  Assume then that the base nanocell graph has three edges oriented in each 

direction between adjacent nanoparticles.  This digraph is equivalent to an undirected 

graph with three edges between adjacent nodes, where each edge has probability 0.5p. 

Therefore, replace p with 0.5p in the theorem above to obtain Theorem 6.8. 

Theorem 6.9:  The probability that the nanocell displayed in Figure 6.8 with 

multiple directed edges functions as an inverter is bounded as follows: 

( )( ) ( )( ) ( )( )2925
/

454 1111111 ssPss OI −−−−≤≤−−−   

     where ( )65.011 ps −−= . 

These bounds are diplayed in Figure 6.13. 

 Two-terminal reliability theory can be used to compute PI/O exactly for small 

nanocells.  Given a graph G, with terminals kttts K,,, 21 , and each edge assigned some 

probability, the reliability of G, ( )ktttsGR K,,,, 21 , is defined to be the probability that 

there exists a path in G from s to each ti.  Let ES ⊆  be the set of functioning edges in G.  

Define Ψ(S) = 1 if G is operating, or has a path from s to each ti and Ψ(S) = 0 otherwise.  

Then, 

( ) ( )∑ ∏∏
⊆ ∉∈









−Ψ=

ES Se
e

Se
ek ppStttsGR 1)(,,,, 21 K  [24]. 

Using the result above, one can obtain the following theorem [25], [26]. 

Theorem 6.10:  (The Factoring Theorem) In a graph G with each edge assigned 

some probability p, 

( ) ( ) ( ) ( )kekek tttseGRptttseGRptttsGR KKK ,,,,1,,,,,,,, 212121 −−+⋅= . 
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This theorem can be used recursively to compute ( )ktttsGR K,,,, 21  for relatively small 

graphs.  The performance is improved by including reliability preserving reductions. 

First consider the series reduction illustrated in Figure 6.14.  The reliability of a 

graph is preserved when a non-terminal node v of degree 2 and its incident edges, e and f, 

are replaced with an edge between the neighbors of v.  The probability of the new edge 

should be pepf [24].   

In a parallel reduction, two parallel edges e and f are replaced with a new edge of 

probability fefe pppp −+ .  As mentioned previously, this operation is reliability 

preserving.  The process is demonstrated in Figure 6.15 [24]. 

There are also reductions that change the reliability but the change is some known 

ratio.  The first of these is a degree 2 reduction.  In this case, a terminal node of degree 2 

whose neighbors are both terminals is deleted along with its incident edges e and f.  An 

edge of probability ( )( )fe

fe

pp
pp

−−− 111
 is added between the two neighbors.  The 

resulting graph G´ satisfies 

( ) ( )
( )( )fe

k
k pp

tttsGRtttsGR
−−−

=′
111
,,,,,,,, 21

21
K

K  [24]. 

 The next reduction is the degree 1 reduction, in which a terminal node of degree 1 

and its incident edge e are deleted.  The other endpoint of e is designated as a terminal 

vertex, and the resulting graph G´ satisfies 

( ) ( )
e

k
k p

tttsGRtttsGR K
K

,,,,,,,, 21
21 =′  [24]. 
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 An algorithm using the Factor Theorem along with these reductions is given 

below [24].  Note that initially, Gmult = 1. 

Factor(G) 
if (∃ no tis path for some i) 

return 0 
 

while (∃ reductions) 
apply series reductions 
apply parallel reductions 
apply degree 1 reductions (update Gmult) 
apply degree 2 reductions (update Gmult) 
 

if ( ( ) 1=GE ) 
 return emult pG  
else 

select an edge ( )GEe∈  
Gcontract = eG ⋅  
Gdelete = G – e 

e
contract
mult pG =  

e
delete
mult pG −= 1  

return Gmult ·(Factor(Gcontract) + Factor(Gdelete)) 
 

I used this algorithm to compute the reliability of the nanocell displayed in Figure 6.8 

where the pins designated as input and output are the terminals.  Note that this is the 

exact probability that this nanocell functions as an inverter.  These results are displayed 

in Figures 6.16, 6.17 and 6.18 for single undirected edges, multiple undirected edges and 

multiple directed edges, respectively.    

Clearly the algorithm displayed above is exponential in the number of edges, m, 

and is therefore not feasible for the larger nanocells displayed earlier in the paper.  

Fabricated nanocells may be this size, so it is important to get an understanding of the 

probability that some such nanocell functions as an inverter.  I decided to find 

I I 
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computational results for these nanocells.  Figure 6.19 displays a nanocell with 

approximately 175 nanoparticles where the edges are distributed with a Poisson 

distribution centered around 5 with at most 10 edges between neighbors.  In the figure, 

every possible node is shown; however, the nanocell is modeled with each node 

appearing with some probability q.  I ran tests on random nanocells, varying the node 

probability from 0, 0.1, . . . 1 and varying the center of the edge distribution from 0.25, 

0.5, . . . 9.  One hundred nanocells were evaluated at each combination of node 

probability and edge center.  A breadth-first-search was conducted to determine whether 

there was a path of length 10 or less from the input to the output (assuming undirected 

edges initially, because it is possible to get inverters with symmetric molecules).  The 

results of these simulations are displayed in Figure 6.20.  As you can see, there is a very 

distinct line where nanocells function less than 50% of the time beneath the line and more 

than 90% of the time above it.  These tests were also run for the directed case.  The 

results are shown in Figure 6.21. 

 In the next section similar computational and theoretical results for NANDs are 

presented. 

6.4.2 Nands 

For a NAND, I observed in the training process that it is sufficient to have paths of “on” 

molecules from each input to the output that intersect and are not too long.  Clearly, for a 

NAND or any other logic gate, it is necessary to have a path of “on” molecules from the 

inputs to the output.  I computed the exact probability of obtaining such paths for the 
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nanocell displayed in Figure 6.8 using the algorithm described in the previous section.  

The right pin is set to output, and the left and top pins are set to input.  The results of this 

calculation at various edge probabilities are shown in Figure 6.22.  Results are shown for 

single undirected edges, multiple undirected edges and multiple directed edges. 

After obtaining the NAND results for small nanocells, I determined 

computational NAND results for the larger nanocell shown in Figure 6.19.  Once again I 

ran tests on random nanocells, varying the nanoparticle probability from 0, 0.1, . . . 1 and 

varying the center of the edge distribution from 0.25, 0.5, . . . 9.  At each combination of 

node probability and edge center, 100 nanocells were evaluated.  A breadth-first-search 

was conducted to determine whether there was a path of length 10 or less from each of 

the two inputs to the output.  The results of these simulations for undirected edges are 

displayed in Figure 6.23.  Results for the directed case are shown in Figure 6.24.  Once 

again, there is a very distinct line where nanocells function less than 50% of the time 

beneath the line and more than 90% of the time above it. 

 Based on these results, it is clear that a random nanocell that is dense enough will 

very likely function as a NAND or an inverter. 

 In the following section, an algorithm to train more robust nanocells is defined 

and explored. 

6.5 Training More Robust Nanocells 

In training nanocells we discovered that occasionally a certain nanocell would only 

function as the desired logic gate if the input voltages were applied in a certain order.  
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Suppose we want to train the nanocell whose output is shown in Figure 6.25 as an 

inverter.  Table 6.1 displays the desired output and actual output for each truth test. 

Only the fourth test fails.  The output should be “off” but is actually “on”.  Note that if 

the truths had been applied as “off”, “on”, “off”, then the nanocell would have tested as 

an inverter.  This is the way nanocells are currently trained.  Each possible truth is tested 

once, with the exception of the case where every input is “off”.  This case is tested both 

first and last.  However, for some nanocells this may not be sufficient.  Note that in Table 

6.1 above, each output transition is tested.  That is, each truth is tested when the output 

was previously “off” and when it was previously “on”.  This provides a method for 

training more robust nanocells. 

 Now the question is how to test every output transition for any given truth table.  

A naïve solution would be to test every input transition as shown in Figure 6.26 for a 2-

input 1-output nanocell.   

A total of ( )122 +nn  truth tests are applied using this method, where n is the 

number of distinct input pins and 2n is the number of distinct truth tests.  Note that 

applying input tests in this systematic way implies that a few of the input transitions are 

duplicated.  Also, the output transitions are the important factor.  It is only necessary to 

test every possible input transition if each input maps to a different output.  This does not 

happen in any of the logic gates I tested or plan to test in the future.  Therefore, it is 

worthwhile to devise a method of testing every output transition. 

Chris Husband and I determined that this can be formulated as a graph theory 

problem on a directed, bipartite graph.  Consider the truth table for a NAND displayed in 
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section 4.4.1, Table 4.5.  Let the input truth tests, “0 0”, “0 1”, “1 0” and “1 1” be the 

nodes in one partite set, I.  Let the outputs, “0” and “1” be the nodes in the other partite 

set, O.  We want to apply each truth test when the output was previously “off”, so draw 

an edge from “0” to each of the input nodes.  Likewise, add an edge from “1” to each 

input node.  For a NAND gate, the truths “0 0”, “0 1” and “1 0” map to the output “1”, 

while the truth “1 1” maps to the output “0”.  So add an edge from nodes “0 0”, “0 1” and 

“1 0” to output node “1”, and add an edge from “1 1” to “0”.  This graph, G, is displayed 

in Figure 6.27.  To test every possible output transition, we must find a supergraph of G, 

G´ such that G´ has a directed Eulerian circuit.  Therefore, in G´ it must be the case that 

( ) ( )vdvd −+ =  for each node v.  Each input node has only one out-edge and two in-edges, 

so add another copy of each of the out-edges as shown in Figure 6.28.  Now 

( ) ( )vdvd −+ =  for each input node v.  However, ( ) ( ) 2"0""0" =− +− dd  and 

( ) ( ) 2"1""1" =− −+ dd .  Add two more parallel edges for each edge on the path from “1” to 

“1 1” to “0” as in Figure 6.29.  Now ( ) ( )vdvd −+ =  for each node v, and the graph G´ has 

a directed Eulerian circuit and corresponding truth tests as shown in Table 6.2.   

Clearly, the algorithm given above works for NANDs, but now we need to 

formulate a general algorithm that works for any given truth table.  Consider the 

algorithm below. 

1. Given a truth table with n distinct inputs and the p distinct outputs 

corresponding to the 2n truths, construct the bipartite graph G = (I, O, E) as 

follows: 
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a. Let each combination of on/off inputs be a node in the partite set I, and 

let each unique output be a node in the partite set O.   

b. Add a directed edge from each node in O to each node in I.   

c. Add a directed edge from each node in I to its corresponding output in 

O.   

2. Construct the Eulerian supergraph G´ as follows: 

a. In the graph G, ( ) pvd =+  and ( ) 1=− vd  for each input node v. Repeat 

the single out edge p – 1 times to get ( ) ( ) pvdvd == −+  for each input 

node v. 

b. While there exists output node u1 such that ( ) ( )11 udud −+ > , add a path 

of length two along existing edges from u1 to some input node v to its 

corresponding output u2 where ( ) ( )22 udud −+ < . 

The proof that the algorithm above results in an Eulerian supergraph is given below. 

Theorem 6.11:  Given a bipartite graph G corresponding to a truth table with 2n 

truth tests and p distinct outputs, the supergraph G´ constructed in the algorithm 

above is Eulerian. 

Proof:  We must show that ( ) ( )vdvd −+ =  for each node ( )GVv ′∈ .  Clearly this is 

true for each input node v.  Let Ĝ  be the supergraph of G at the completion of 

step 2a, so ( ) ( )vdvd −+ =  for each input node v.  To show that ( ) ( )udud −+ =  for 

each output node in G´, we first must show that if there exists some output node 

u1 such that ( ) ( )11 udud −+ >  in Ĝ , then there exists output node u2 such that 
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( ) ( )22 udud −+ <  in Ĝ .  We know that ( )
( )

( )
( )
∑∑
∈

−

∈

+ =
GVvGVv

vdvd
ˆˆ

 and ( ) ( )vdvd −+ =  

for each input node v, so ( )
( )

( )
( )
∑∑
∈

−

∈

+ =
GOvGOv

vdvd
ˆˆ

.  This implies that if there exists 

some output node u1 such that ( ) ( )11 udud −+ >  in Ĝ , then there exists output 

node u2 such that ( ) ( )22 udud −+ <  in Ĝ .  Now we must show that there exists a 

path of length two from u1 to u2.  Let v be an input node that maps to output u2.  

There is an edge from u1 to each input node, and there is an edge from v to u2.  

Therefore, G´ is Eulerian. ■ 

Clearly if an Eulerian circuit in G´ is given, then applying the truth tests in the 

order of the input nodes in the circuit (with the first input node tested first and last) will 

result in the testing of every output transition.  The vast majority of nanocell training time 

is spent simulating the circuit in HSpice, so it is important to determine how many truth 

tests are necessary to test every output transition.  Once again, let 2n be the number of 

truth tests, let p be the number of distinct outputs and let ti be the number of input nodes 

that map to the ith output node.  Note that pn ≥2  and 1≥it  for each i.  Let ( )Hm denote 

the number of edges in the graph H.  In G´ we can count the number of edges incident 

with output nodes to determine the number of truth tests.  In the graph G, 

( ) pvd =+  and ( ) 1=− vd  for each ( )GIv∈  

( ) ii tud =+  and ( ) n
iud 2=−  for each ( )GOui ∈  

( ) ( )∑
=

+=
p

i

n
itGm

1

2 . 
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In the graph Ĝ , 

( ) pvd =+  and ( ) pvd =−  for each ( )GIv ˆ∈  

( ) ii ptud =+  and ( ) n
iud 2=−  for each ( )GOui

ˆ∈  

( ) ( )∑
=

+=
p

i

n
iptGm

1

2ˆ . 

In the graph G´, 

( ) ( )∑
=

−++=′
p

i

n
i

n
i ptptGm

1

22 . 

Every other node in this circuit is an input node, and the first input node is repeated as the 

last truth test.  Therefore, the number of truth tests is given by 

( ) 122
2
1

1

+−++∑
=

p

i

n
i

n
i ptpt . 

Table 6.3 lists the number of truth tests for some common logic gates testing every output 

transition and testing every input transition with the algorithm given at the beginning of 

the section.  Based on Table 6.3, output transitions offer a clear advantage over input 

transitions.   

Now we need an algorithm for obtaining an Eulerian circuit from G´.  There is a 

well known algorithm for finding an Eulerian circuit in a directed graph [23].  Recall that 

an in-tree of a directed graph is a tree rooted at some node v such that for every node u in 

the tree there exists a directed path from u to v.  Consider the following algorithm. 

1. Given a directed graph G, construct an in-tree T rooted at some node 

( )GVv∈  and containing every node in G.   
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2. Begin the Eulerian circuit at v and only choose an edge in T when there is no 

other option. 

 

Note that in G´ each input node has exactly one out neighbor (see Figure 6.29).  

Therefore in the algorithm for finding an Eulerian circuit, the only decision is where to go 

from each output node.  Given this structure, it seems as if there should be an even 

simpler algorithm for finding a directed Eulerian circuit.  Consider the following 

algorithm. 

1. Given a graph G´ corresponding to some truth table, start at some input 

node v1. 

2. At each output node ui, choose an edge to v1 only if there is no other 

option. 

The proof that this algorithm works is given below. 

Theorem 6.12:  The algorithm above constructs a directed Eulerian circuit C from 

the Eulerian graph G´. 

Proof:  First note that the algorithm is finite because it marks edges at each 

iteration and concludes when there are no more unmarked edges.  Let v1 be the 

start input node.  We can construct an in-tree rooted at v1 by letting the first level 

be all the output nodes (recall that there is an edge directed from each output to 

each input).  Construct the second level by adding the edge from each input other 

than v1 to its corresponding output.  The tree T now covers every node in G´.  For 

the algorithm given for arbitrary directed graphs, T can now serve as the in-tree.  
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However, the edges on the second level (from input nodes other than v1 to their 

corresponding outputs) are unnecessary because each input node has only one 

unique out neighbor.  Therefore, it is equivalent to simply take the edge from any 

output to v1 only after traversing all other possible edges form the output. ■  

Note that the algorithm runs in O(m).   

The output transitions algorithm is not something that we currently use in 

nanocell training because of the significant increase it would cause in training time.  

However, in the future we may use the algorithm to evaluate the robustness of trained 

nanocells.  Nanocells that do not perform the desired logic for every output transition 

would then be trained further. 

In summary, graph theory is useful in the training process and in determining the 

probability of obtaining certain logic gates.  Based on the results shown in this chapter, 

NANDs and inverters should be easy to train in a mortal fashion.  One simply needs 

enough “on” molecules.  This is very encouraging as the transition is made from 

omnipotent training to mortal training. 

 In the next chapter, directions for future research are explored. 
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Figure 6.1  This is an edge that will conduct no current because it is not on a path 
between two voltage sources.  Such edges are deleted before a nanocell is evaluated in 
HSpice. 
 

Figure 6.2  As shown here, v lies on a cycle with every node in A.  Therefore, v is 
contained in the 2-connected component, B. 
 

Figure 6.3  As the figure demonstrates, v must lie on some path between nodes in A. 
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Figure 6.4  If the pins labeled “A”, “B” and “1” are voltage sources, then the light nodes 
and black pins lie on some path between active pins.   
 

Figure 6.5  This is the nanocell used for the isolated nanoparticle results. 
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Figure 6.6  This is the expected number of isolated nanoparticles in a 175-nanoparticle 
nanocell 
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Figure 6.7  Displayed here are bounds on ( )0=XP , or the probability that there are no 
isolated nanoparticles in the nanocell. 
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Figure 6.8  For this nanocell, bounds and exact probabilities are computed for inverters 
and NANDs. 

Figure 6.9  In this nanocell there are five internally disjoint paths of length four or 
five. 
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Bounds on Probability of an Inverter with 
Single Undirected Edges
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Figure 6.10  These are bounds on the probability of obtaining an inverter from the 
nanocell shown in Figure 6.8. 

Figure 6.11  There are four disjoint edge cuts in this nanocell.  These are used to 
determine a lower bound on the probability that this nanocell will function as an inverter. 
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Bounds on Probability of an Inverter with 
Multiple Undirected Edges
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Figure 6.12  Shown here are bounds on the probability of obtaining an inverter from the 
nanocell shown in Figure 6.8 with six edges between adjacent nanoparticles. 

Bounds on Probability of an Inverter with 
Multiple Directed Edges
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Figure 6.13  Shown here are bounds on the probability of obtaining an inverter from the 
nanocell shown in Figure 6.8 with six edges between adjacent nanoparticles.  Three edges are 
oriented one way, and the other three edges are oriented in the opposite direction. 

--+--



 

 

116 

p1 p2 p1 p2 

Figure 6.14  This is an illustration of the series reduction that is used in the Factor 
algorithm. 
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Figure 6.16  This is the exact probability of obtaining an inverter from the nanocell shown 
in Figure 6.8.  The edges are assumed to be single and undirected.  The upper and lower 
bounds are displayed, as well. 

Figure 6.15  This is an illustration of the parallel reduction that is used in the Factor 
algorithm. 
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Probability that a Nanocell with Multiple 
Directed Edges is an Inverter
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Probability that a Nanocell with Multiple Undirected 
Edges is an Inverter
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Figure 6.17  This is the exact probability of obtaining an inverter from the nanocell shown 
in Figure 6.8.  It is assumed that there are six undirected edges between adjacent 
nanoparticles.  The upper and lower bounds are displayed, as well. 

Figure 6.18  This is the exact probability of obtaining an inverter from the nanocell shown in 
Figure 6.8.  It is assumed that there are six directed edges between adjacent nanoparticles.  
Three edges are oriented in each direction.  The upper and lower bounds are displayed, as well. 
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Figure 6.19  This is the nanocell used to obtain computational results on inverters 
and NANDs. 

Figure 6.20  This is the probability of obtaining an inverter based on random switch states 
generated for the nanocell displayed in Figure 6.19.  The node probability is varied from 0 
to 1, and the center of the edge distribution is varied from 0 to 9.  One hundred random 
nanocells are generated at each combination and tested to determine inverter functionality.  
For these results, the edges are assumed to be undirected. 
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NAND
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Figure 6.22  These are lower bounds on the probability of obtaining a NAND from the 
nanocell shown in Figure 6.8.  The top pin and left pins are set to input, while the right pin 
is set to output.  Results for three cases are shown:  single undirected edges, multiple 
undirected edges and multiple directed edges. 
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Figure 6.21  This is the probability of obtaining an inverter based on random switch 
states generated for the nanocell displayed in Figure 6.19.  The node probability is 
varied from 0 to 1, and the center of the edge distribution is varied from 0 to 9.  One 
hundred random nanocells are generated at each combination and tested to determine 
inverter functionality.  For these results, the edges are assumed to be directed.  There is 
a 50/50 chance that a given edge is oriented in either direction. 
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Figure 6.23  This is the probability of obtaining a NAND based on random switch states 
generated for the nanocell displayed in Figure 6.19.  The node probability is varied from 0 
to 1, and the center of the edge distribution is varied from 0 to 9.  One hundred random 
nanocells are generated at each combination and tested to determine NAND functionality.  
For these results, the edges are assumed to be undirected. 

Figure 6.24  This is the probability of obtaining a NAND based on random switch 
states generated for the nanocell displayed in Figure 6.19.  The node probability is 
varied from 0 to 1, and the center of the edge distribution is varied from 0 to 9.  One 
hundred random nanocells are generated at each combination and tested to determine 
NAND functionality.  For these results, the edges are assumed to be directed.  There is 
a 50/50 chance that a given edge is oriented in either direction. 
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Figure 6.25  Input and output voltages are displayed for a broken inverter.  The input 
signal is inverted only if the output was previously high. 
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Figure 6.27  This is the graph G with the edges that are required to test every output 
transition. 

Figure 6.28  This is the graph Ĝ , a supergraph of G where ( ) ( )vdvd −+ =  for every input 
node v. 
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Figure 6.26  In this figure, every possible input transition is tested for a 2-input truth 
table. 
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Input 
Desired 
Output 

Actual 
Output 

0 1 1 
0 1 1 
1 0 0 
1 0 1 
0 1 1 

Input Output 
0 0 1 
0 1 1 
1 0 1 
1 1 0 
0 1 1 
1 1 0 
1 0 1 
1 1 0 
1 1 0 
0 0 1 
0 0 1 

Figure 6.29  This is the graph G´, a supergraph of G where ( ) ( )vdvd −+ =  for each node v. 
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Table 6.1  This is the actual output and desired output of the broken inverter displayed 
in Figure 6.25 

Table 6.2  In the table above, every output transition is tested for a NAND gate. 
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Logic Gate 
Input Transitions 

( )122 +nn  

Output Transitions 

( ) 122
2
1

1

+−++∑
=

p

i

n
i

n
i ptpt  

Inverter 6 5 
AND 20 11 
OR 20 11 

XOR 20 9 
NAND 20 11 

Half Adder 20 15 
1-Bit Adder 72 41 
2-Bit Adder 1056 321 

 
Table 6.3  The number of  input transitions vs. the number of output transitions are 
displayed for various truth tables. 
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7 Future Work 

In this chapter, various areas of future research are discussed.  First improvements in 

training individual nanocells are covered, and then strategies for hooking nanocells 

together are addressed.  This is followed by a section on dropping the assumption of 

omnipotence for more realistic mortal training.  The chapter concludes with the subject of 

proofs concerning trainability.   

7.1 Training Nanocells 

The nanocell computer architecture group has made a great deal of progress in the area of 

omnipotently training individual nanocells.  However, there are still some interesting 

issues to explore.  First of all, we should experiment with alternative IV curves.  It may be 

possible to get more complex logic gates using different NDR-based IV curves.  For 

instance, a 2-bit adder has proved impossible to train using just one type of NDR 

molecule.  However, it may be possible to train this logic gate using different curves.  

Some graduate students at North Carolina State University are currently exploring 

various IV curves in an attempt to get transistor behavior out of a nanocell.  In addition to 

experimenting with the IV curve of a single molecule, we should try training nanocells 

that contain a mixture of molecules.  The molecules could be NDR devices with different 

peaks and valleys as well as simple resistors.  Note that a mixture of molecules with 

varying “on” and “off” voltages would definitely be useful when mortally training a 
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nanocell, as it would reduce the size of groups that switch simultaneously.  This would 

allow for more selective switching. 

 Another potentially advantageous addition to training a nanocell is 

“connectability”.  In other words, train a nanocell so that it is easily connected to other 

nanocells.  One strategy for doing this is to pick some target, overall resistance of a 

nanocell.  When two nanocells are hooked together, one looks simply like a resistor to the 

other.  Therefore, if a nanocell were trained with some resistor hooked to each output and 

trained for some target resistance, then that nanocell should be easily wired to another 

nanocell with similar overall resistance.   

 The robustness of nanocells can be further enhanced by the training process.  

First, the output transitions algorithm presented in the preceding algorithm could be 

utilized.  This will ensure that every output transition functions properly.  The downside 

is the dramatic increase in simulation time.  Nearly all of the nanocell training time is 

devoted to simulating the electrical properties of the cell.  Therefore, increasing the 

number of tests drastically increases the training time.  In addition to testing output 

transitions, nanocell robustness can be increased by testing for noise margin [27].  The 

noise margin of a circuit is tested by applying a range of voltages to the input pins.  The 

question is for what range of input voltages are the outputs valid?  The goal is for there to 

be a very large range of input voltages for which the outputs voltages are correct. 

 Although, the problem of omnipotently training a nanocell has been thoroughly 

explored in this thesis, there are still some potential improvements that should be 

explored.  In the next section the issue of hooking nanocells together is addressed. 
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7.2 Hooking Nanocells Together 

The issue of hooking nanocells has proved difficult so far.  As mentioned previously, the 

bistable latches can be fairly unstable.  They tend to work for only very small ranges of 

input voltages and current drain can cause problems.  Fortunately we have devised a few 

strategies for overcoming these difficulties.  The first potential solution is to substitute 

bistable latches with transistors to restore logic and isolate nanocells.  This tactic would 

almost certainly work, however we would lose a great deal of the size advantage.  

Therefore, hooking nanocells to transistors is currently considered our final option when 

all else fails.  Fortunately, there are other approaches that show promise.   

 Another such method is to attempt to train a nanocell to function as a transistor.  

Consider the nanocell inverter shown in Figure 7.1.  As the figure demonstrates, current 

flows either from high rail to ground or from high rail to the output.  No current is drawn 

from the input pin.  The advantage here is that current drain on the input is no longer a 

problem and thus hooking nanocells together is straightforward.  The drawback with this 

option is that it is not currently clear what kind of molecular IV curves would result in 

this behavior.  As I mentioned in the nanocell training chapter, nanocells train 

successfully as logic gates that make sense based on their molecular IV curves.  For 

instance, the IV curve shown in Figure 3.6 looks like it should give rise to an XOR.  

Enough voltage will push the current over the hump.  However, it does not look like it 

would work for a 1-bit adder.  For one of the outputs of a 1-bit adder, if one input is “on”, 

the output is “on”, if two inputs are “on”, the output is “off”, and if three are “on”, the 

output is “on” again.  On the other hand, the IV curve shown in Figure 3.7 seems 
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reasonable.  A small voltage results in a high current, a medium voltage drop gives rise to 

a low current, and a high voltage produces a high current again.  The point of this 

explanation is to demonstrate that the molecular IV curve should make sense.  None of 

the IV curves displayed in this paper seems to give rise to the behavior shown in Figure 

7.1.  Past experience has shown then that attempting to train such a device would be 

unsuccessful.  This does not mean that it is impossible to obtain such a device using 

molecules.  It just implies that different IV curves are necessary.   

 The most promising method for hooking nanocells together remains the bistable 

latch option.  It just needs to be made more stable.  Fortunately, there is another way to 

implement bistable latches.  As presented in previous chapters, latches are set to high or 

low based on input current as the clock is rising (see Figure 3.12).  However, setting the 

latch as the clock is changing can lead to unstable circuits.  A better approach is to find a 

way to set a latch while the clock is constant.  In their paper, David Nackashi and Paul 

Franzon demonstrate such an approach [28].  The clock voltage first sets the latch to low 

voltage then rises to a point (and stays constant for a few moments) where very relatively 

little additional current will set the latch to a high state.  This process is demonstrated in 

Figure 7.2.  Initial tests indicate that this approach is very effective.  Tests on a single 

molecule show that a wide range of input voltages result in an inverter.  Conversely, only 

a very narrow range worked with the first bistable latch setup.  We are currently in the 

process of training nanocells with these latches.   

 In the next section, the challenge of transitioning from omnipotent to mortal 

training is addressed. 
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7.3 Dropping the Omnipotence Assumption 

The nanocell training to date has been conducted under the assumption of omnipotence.  

However, nanocells will be trained in a mortal fashion, so it is essential that mortal 

techniques be investigated in the near future.  This is an issue that Chris Husband is 

exploring.   

 One potential strategy is to first use the intermediate supposition of omniscience.  

That is, assume knowledge of the graph within the nanocell but limit control of molecular 

states to voltage pulses applied to the I/O pins.  Pat Lincoln suggested using the 

capacitance of gold nanoparticles along with omniscience to train a nanocell.  For 

instance, consider a path of nanoparticles and molecules of length 5.  Suppose that the 

goal is to alternate between “on” and “off” and all molecules are initially “off”.  Note that 

the capacitance of the nodes implies that one a line of switches will turn “on” linearly and 

not simultaneously.  Bring the voltage on the first node up long enough to turn the first 

three molecules “on”.  Next bring the voltage on the same node down long enough to turn 

the first two molecules “off” before bringing it back up to turn the first switch back “on”.  

Turn on the last switch by increasing the voltage on the last node and then decreasing it 

quickly.  This process is demonstrated in Figure 7.3.   

 Clearly, a nanocell is not composed of simple paths of molecules, and it is 

therefore unlikely that there exists a series of voltage pulses that uniquely turns on each 

individual molecule.  Rather, molecules will certainly be switched in groups.  The size of 

these groups can be greatly reduced by using a variety of molecules with varying “on” 

and “off” voltages.  However, determining these groups from knowledge of the graph 
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within the nanocell will most certainly be a difficult task.  A more effective strategy may 

be to simply treat the nanocell as a black box, and use appropriate techniques to train it. 

 One mortal training strategy that is currently being explored by Chris Husband is 

reinforcement learning [29].  This technique is basically a biased random walk.  During 

training, a nanocell “learns” which voltage pulses tend to be the most beneficial in each 

given set of switch states based on previous experience.  Throughout the process, the 

nanocell is treated as a black box.  Therefore, this is a method that could be applied to a 

physical nanocell.   

 In the following section, areas of further research in nanocell training proofs are 

presented. 

7.4 Proof of Trainability 

In chapter 6, nanocell training proofs are presented.  In this section, some possible 

methods for improving these results are explored.  First, the results are for voltage in – 

current out nanocells, and nanocells will actually be voltage out.  Therefore, the results 

should be adapted to this case.  This will be extremely simple if the voltage in – current 

out observations hold for voltage in – voltage out with the new bistable latches.   

 Another potential improvement is to prove the observed sufficient conditions for 

NANDs.  Namely, compute the probability that there are intersecting paths of sufficiently 

short length from each input to the output.   

 Computing the all-terminal reliability of a nanocell is another open nanocell 

problem.  It would be interesting to compute the probability that there exists a path 
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between any two I/O pins.  Computational results would be beneficial in evaluating the 

quality of any bounds.  Independent edge cuts or Gomory-Hu cut trees may prove useful 

in determining a necessary condition for larger nanocells [30].   

 The necessary and sufficient conditions given for inverters can be more closely 

adapted to realistic nanocells.  First node failures should be factored in.  Second, the edge 

distribution should follow a Poisson distribution rather than a constant probability for 

each edge. 

 Observations should be made for some of the more complex logic gates such as 

half adders or 1-bit adders.  Once observed necessary and sufficient conditions are well 

defined, proofs should be generated.  Note that one necessary condition will always be a 

path of “on” molecules from the inputs to the output.  It should also be noted that 

nanocell proofs may become much more complex when a variety of molecules are within 

each cell. 

 Concluding remarks are given in the final chapter. 
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Figure 7.1  This is an illustration of an inverter that functions similar to a transistor.  
The power for the cell comes from the high rail instead of the input pin. 

Figure 7.2  This is an alternative latching scheme with three stages:  hold, reset and set.  
First the clock is at the hold state, then it comes down to its reset voltage.  In the set state, it 
takes relatively little current to set the latch to a high state.  Once the latch is set, the clock 
moves to the read or hold state. 

Clock Voltage 

Time 

set 

reset 

hold 
read 

hold/logic good 

set 

reset 



 

 

133 

 

Figure 7.3  This is a demonstration of a strategy for using capacitance of nanoparticles to 
set a linear group of molecules from “0 0 0 0 0” to “1 0 1 0 1”. 
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8 Conclusions 

Over the past two years, the nanocell team has made huge advances in training cells.  No 

one had any idea whether a randomly assembled array of high and low conducting NDR 

devices could be trained to serve some useful logical purpose.  We have shown that 

indeed, such arrays of molecules do function as logical devices in simulations.  It is 

important to note that even logic gates involving multiple outputs have proven trainable 

in a nanocell.  In addition, we have developed a process for training nanocells by first 

studying a small number of molecules, then applying search techniques such as genetic 

algorithms.  We can also predict whether a logic gate is trainable with any given set of 

molecular “on” and “off”IV curves.  The strategy of observing necessary and sufficient 

conditions, then proving bounds seems to be valuable, as well. 

 The advances made by the computer architecture group have enabled us to offer 

valuable advice to the rest of the team.  We are able to suggest the most easily trainable 

nanocells.  We have also recommended that the nanocell be reduced in size from that 

shown in Figure 3.1 to that shown in Figure 4.7.   

 There are still some substantial obstacles to overcome.  Large circuits of 

simulated nanocells working in concert must be obtained.  This achievement should be 

realized in the next few months.  In addition, results seen in simulation should be 

validated by tests on physical nanocells.  Simulations should be adapted to reflect what is 

seen in these experimental cells.  After obtaining working physical nanocells, the issues 

of size and power must be addressed.  What kind of size advantage is possible with a 
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nanocell?  What kind of power is required to run a chip of many thousands of the cells?  

Here bistable latches may prove a liability as they draw constant current. 

 Even taking these issues into account, the nanocell team has made tremendous 

advances over the past few years.  I am confident that all of these questions will be 

adequately addressed and look forward to further research in this area. 
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