Automated Synthesis of Computing Nanoscale
Crossbars using Formal Methods
Abstract—Since the fabrication of nanoscale memristors by
HP Labs in 2008, there has been a renewed interest in the
use of crossbars of nanoscale memristors as digital storage and
neuromorphic computing devices. However, the same success
has not been replicated in the use of crossbars for performing
general-purpose computations that can support the existing
software infrastructure originally designed for Von Neumann
architectures. One of the key challenges facing this technology
is the existence of sneak paths. While it has been shown that
sneak paths can be used to perform Boolean computations in
crossbars, the human mind is not particularly suited to reason
about the exponential complexity of sneak paths in crossbars.
Hence, the size of the crossbar designs proposed in the literature
has been large for practical applications. In this paper, we
demonstrate how formal methods can be used to automatically
synthesize compact crossbar designs that can be used to evaluate
Boolean formula by using the sneak paths phenomena as a design
primitive. We show that our automated synthesis technique can
be used to generate a state-of-the-art nano-crossbar design for a
1-bit full adder.

I. I NTRODUCTION
Limitations of lithographic fabrication [24] and quantum
effects at the angstrom-scale gate-oxide of modern transistors
are leading to the slowdown and eventual termination of
MOSFET scaling [7]. This slowdown of Moore’s law has led
to a renewed interest in alternative and emerging technologies
for computing [29]. In particular, the past decade has seen
the fortuitous discovery of the memristor [32], a novel twoterminal device with the potential to successfully scale below
ten nanometers. The potential of self-assembly as an alternative to traditional top-down photo-lithography has also been
recognized [31]. In current practice, self-assembly methods
are only capable of producing simple shapes, such as wires.
In fact, self-assembly can produce sets of identical parallel
nanowires [8], which facilitates the fabrication of nanoscale
crossbars. In particular, memristors have also been successfully
self-assembled [28], [3].
Memristor-based computing has gained considerable attention in the past few years, with several methods having been
proposed for performing simple Boolean computations like
material implication [1], [17], [23], [21], [20], [6]. Many of
the designs proposed in the literature require the fabrication
of CMOS gates and memristor devices on the same chip [9],
[19], [18]. Such heterogeneous fabrication is difficult, and
often reduces the density of fabrication. In this paper, we
employ automated synthesis to discover nanoscale crossbar
designs that only use memristors to perform Boolean computations. Our results provide state-of-the-art spatially-efficient
memristor-crossbar designs for computing Boolean formula.

While automated synthesis has been used in many applications, from bit vector manipulation [11] to code deobfuscation
[14], we believe that the results in this paper provide the first
known use of formal methods for discovering design principles
that facilitate the engineering of efficient circuits using digital
memristors.
We make two main contributions in this paper:
• The counter-intuitive use of sneak paths in crossbars for
computing Boolean functions. This facilitates the use of
memristive devices not just for efficient storage, but for
robust digital computing.
• A new technique, based on formal methods, to automatically generate provably-correct crossbar designs for given
Boolean formula. We demonstrate our technique by using
it to generate crossbar designs for a 4-bit parity function
and a 1-bit full adder circuit. Moreover, we compare
these results to the design methods in memristor crossbar
literature to show that our synthesized designs are stateof-the-art in terms of space and time complexity.
It is worth noting that the methods described in this paper
apply to crossbar computing in general. We focus on memristor devices in order to concretize our theory on a technology
that is relevant today and to borrow from the growing literature
on memristor computing that will be explored further in
the next two sections. Section II formalizes the notion of
a crossbar and introduces the sneak paths problem. Section
III surveys four memristor-crossbar computing methods from
the literature. Section IV outlines our synthesis technique.
Section V presents experimental results and compares our
synthesized designs to the methods described in Section II in
terms of space-efficiency and configuration time. We conclude
in Section VI with final remarks and ideas for future work.
II. M EMRISTOR C ROSSBARS
The memristor is a passive, nonlinear, two-terminal electrical device that relates the fundamental quantities of electric
charge and magnetic flux linkage [15]. Memristors have been
used for performing arithmetic operations [26], implementing
logical operators [2], processing of images and vision tasks
[25], and neuromorphic computing [12], to name a few.
The ease of fabrication often dictates that we arrange a set
of memristors into a nanoscale crossbar. Throughout the rest
of this paper, we adopt the following definition for a memristor
crossbar:
Definition 1. C ROSSBAR A (memristor-based) crossbar is a
3-tuple C = (M, Wr , Wc ) where

Method 1: Formula-Dependent Memristor Placement

Fig. 1: Sneak paths in a crossbar, where green memristors are
ON, black memristors are OFF, and red bars represent sneak
currents. Note that memristors redirect the flow of current from
one connected wire to the other only when they are ON.
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of memristors with m rows and n columns, where mij ∈
[0, 1] denotes the state of the memristor connecting row
i with column j;
Wr = {r1 , . . . , rm } is the set of horizontal nanowires
such that wire ri provides the same input voltage to every
memristor in row i.
Wc = {c1 , . . . , cn } is the set of vertical nanowires such
that wire cj provides the same input voltage to every
memristor in column j.

In [30], a crossbar construction for evaluating Sum-ofMinterms form Boolean formulas is proposed. The method
consists of mapping each clause in the formula to a separate
column in the crossbar and mapping all of the literals and their
complements to the first column. Every column, except the
first, contains an ON memristor at the bottommost row in order
to redirect current during the computation step. To perform
the actual computation, a read-out voltage is applied on the
first column and the formula evaluates to true if one of the
columns redirects current to its corresponding ON memristor,
which in turn would use this current to determine and save
the state of the result memristor. The design manages sneak
paths by removing memristors from locations that are uniquely
determined by the formula being evaluated.
As an example, we construct the 3-bit parity function (b1 ∧
b2 ∧ ¬b3 ) ∨ (b1 ∧ ¬b2 ∧ b3 ) ∨ (¬b1 ∧ b2 ∧ b3 ) ∨ (b1 ∧ b2 ∧ b3 )
using this method in Figure 2.

The memristor mij = 0 is said to be in the high-resistance
OFF state, while mij = 1 denotes the low-resistance ON state.
Sneak Paths
An important challenge in crossbar computing is the presence of sneak paths – unintended paths for current parallel
to the desired path [4] that are caused by the redirection
of current due to ON memristors. This has been seen as a
hindrance in memristive crossbars due to the inconsistencies
caused by sneak paths in individually-addressable memristor
readings [4]. The atomic operations of a sneak path are very
simple; an ON memristor redirects current from one wire to
another as long as there is a flow of current on one of its
connected wires. Figure 1 shows an example of a memristor
crossbar and the sneak paths present due to ON memristors.

Fig. 2: Matrix (left) and crossbar (right) representations of
a 3-bit parity construction using the design proposed in [30],
where green memristors are ON, λ values specify a location in
which there is no memristor, and the states of blue memristors
are determined by literals bi and their negations ¬bi in the
Boolean formula φ which we wish to evaluate. The resulting
value of φ will be stored in the bottom right memristor of the
crossbar when the computation is finished.

III. M ANUALLY DESIGNING MEMRISTOR CROSSBARS
Since the discovery of the memristor in 2008, significant
effort has been devoted to the development of design methods
that allow for memristor-based computation. While there are
numerous studies in the area of digital logic computations using individual memristors [10], [2], [20], [22], [23], [17], [33],
the literature is scarce when it comes to digital memristorcrossbar computing. This is because developing efficient
memristor-crossbar computing frameworks can seem like an
insurmountable task due to the challenge posed by sneak paths.
In this section, we present four memristor-crossbar computing
methodologies proposed in the literature and demonstrate how
the novel architectures proposed therein overcome the sneak
paths constraint and at what cost.

While this approach benefits from fast computation time, it
overcomes the sneak paths issue by adding significant complexity to the design, where only certain junctions may contain
memristors and the locations of said junctions varies from
formula to formula. This can lead to prohibitively expensive
fabrication costs as well as difficulty in reconfiguring such
crossbars. See Figure 2 for an example.
Method 2: Rectifying-Memristor Crossbars
Another crossbar computing method is introduced in [23].
This method leverages the diode-like capabilities of rectifying
memristors [16] to suppress the interference from sneak currents. Unlike the previous design, there is no added complexity
to the crossbar beyond the use of rectifying memristors.

A new operation is introduced based on a procedure similar to the implication logic process described in [2]. This
operation is called converse nonimplication, and it provides
a method for configuring a crossbar of rectifying, diode-like
memristors as well as for performing logical functions. This
memristive converse nonimplication logic is used in tandem
with the multi-input implication logic introduced in [22] to
configure the crossbar and compute the Boolean formula of
interest. In the case of a 3-bit parity function φ, we can map
the formula to a 5-by-4 crossbar as follows:

l = 0 if l is false. Then

Ml =

1
l



•

Conjunction: Let mi and ni denote the number of rows
and columns in Mφi . For φ = φ1 ∧ φ2 , the array has
m1 + m2 − 1 rows and n1 + n2 columns, where Mφ1 and
Mφ2 share their top and bottom rows, respectively. It is
defined by:

•

Disjunction: For φ = φ1 ∨ φ2 , the array has m1 + m2
rows and n1 + n2 + 2 columns, and is defined by:

Fig. 3: States of the 3-bit parity crossbar from [23].
In Figure 3, we assume that the crossbar is initialized to state
(1) in a constant number of steps. State (2) is obtained in 2n
steps via converse nonimplication, where n is the number of
literals in φ. State (3) can then be achieved in a single time step
by performing a multi-input implication operation on rows 1
through 4 in parallel. This operation is possible thanks to the
unidirectional sneak current flow provided by the rectifying
memristors. Note that the resulting literal values in column 4
are the negation of the literals in columns 1 through 3; this is
because the implication operation
Mi4 = ((b1 ∨ b2 ∨ b3 ) =⇒ 0) = (¬b1 ∧ ¬b2 ∧ ¬b3 ). Similarly,
applying a multi-input implication step on column 4 yields
state (4), where φ = (¬b1 ∨ ¬b2 ∨ b3 ) ∧ (¬b1 ∨ b2 ∨ ¬b3 ) ∧
(b1 ∨ ¬b2 ∨ ¬b3 ) ∧ (b1 ∨ b2 ∨ b3 ) is stored in m5,4 . This
method benefits from the use of a simple crossbar layout and
its intuitive use of rectifying memristors to mitigate the sneak
paths problem. However, having to reduce any formula to a
sometimes complex sequence of implication logic operations
can lead to considerable overhead. For example, a 3-bit parity
function requires 30 computational steps to be evaluated using
elementary implication logic [21].
Method 3: NNF Evaluation using Sneak Paths
To the best of our knowledge, the first work to propose the
use of sneak currents as a tool for performing computations
is presented in [13]. This method evaluates Negation Normal
Form (NNF) formula by inductively exploiting the structure
of the aforementioned form.
Let φ be a Boolean formula in negation normal form. We
define a state of an array of memristors Mφ as follows.
•

Literal: For φ = l, a literal, let l = 1 if l is true, and

Since every NNF formula consists of conjunctions, disjunctions, and negations, any formula can be mapped to a memristor crossbar by inductively applying the three encodings
above. The designed crossbar for the sum bit of a full adder, or
equivalently a 3-bit parity, is shown in Figure 4. Throughout
this text, we represent memristors that are ON in green, those
that are OFF in black, and those that are mapped to a (negated)
literal in blue.
It is easily seen that much of the crossbar consists of
memristors in the OFF state – this is required to prevent
current flow through undesired sneak paths. Similarly, the
placement of ON memristors advances the sneak current of
interest such that a sneak current will flow into the top row
iff the formula φ being mapped to the crossbar is true and an
initial current flow is applied at the bottom row.
This method can evaluate Boolean formulas and manages
the sneak paths problem without significant added structural
complexity to the crossbar. It also does not require a complicated reduction to other logics. However, there are two glaring
drawbacks. First, the space complexity of the design is very
large. Second, the poor spatial efficiency can lead to poor time
complexity due to the overhead of configuring such a large
crossbar to the desired state.
Method 4: Networks of Connected Crossbars
Finally, we have the framework proposed in [33]. This
method can be seen as an extension of [13] using a network of

Fig. 6: Network of crossbars method described in [33]. Here,
S is a 3-bit parity (1-bit sum), Cout is the carry-out bit, and
f4 is a 4-bit parity function.
simplicity. This motivates a very important question: can
we leverage the power of formal methods to automatically
synthesize crossbar designs that meet these requirements?
Fig. 4: Manually designed crossbar to compute the sum bit of a
full adder based on [13]. Green memristors are in the ON state,
black memristors are in the OFF state, and the states of blue
memristors are determined by literals bi and their negations
¬bi in the Boolean formula φ, g
interconnected crossbars in order to improve the space complexity of the resulting designs. Any individual crossbar in the
network can be used to evaluate a conjunction or disjunction of
Boolean variables. By connecting multiple crossbars together,
disjunctions (conjunctions) of conjunctions (disjunctions) can
be evaluated. Thus, the universal disjunctive and conjunctive
normal forms (DNF, CNF) can be computed. See Figure 5 for
the design and Figure 6 for an example.

Fig. 5: Red dashed lines denote the flow of current and
M∗ (φ(i) ) represents the crossbar that computes the ith clause
of the Boolean formula φ, which must be in either disjunctive
normal form (top) or conjunctive normal form (bottom).
The methods presented in this section succeed in computing
Boolean formula using memristor crossbars. These methods
are diverse and have different benefits and drawbacks; however, none of them meet all of the following three fundamental tenets of computing architectures: space efficiency,
fast computation time, and cost-effectiveness due to structural

IV. C ROSSBAR S YNTHESIS
To synthesize a memristor crossbar design capable of computing a Boolean formula φ, we encode the properties of
the memristor crossbar into formal logical specifications. We
begin by making the following observations:
1) An ON memristor located at row i and column j will
sneak a flow of current onto column j if row i has a
current flow. Similarly, a sneak current will flow on row
i if column j already has a flow of current.
2) An OFF memristor impedes the flow of current between
the nanowires coonected to it, regardless of the state of
the connecting nanowires.
3) A sequence of ON memristors can generate a path or
sequence of paths through the crossbar.
4) Given an m × n crossbar, there exists a sequence of
memristors such that, if row m has flow, then a sneak
current will cause row 1 to have flow if the memristors
in the sequence are in the ON state.
Based on the items above, we encode the construction of a
correct crossbar design for evaluating Boolean formulae using
first-order logic. In order to map φ onto an m × n crossbar
C = {M, {r1 , . . . , rm }, {c1 , . . . , cn }}, we define the following
constraints based on the preceding observations:
(t)
1) Initial flow: rm , t ≥ 0. We enforce an invariant that the
mth row always has a flow in every memristor nanocrossbar design. Thus, all sneak paths will originate from
this wire.
2) Sneak behavior: ∀t ≥ 0, 1 ≤ i ≤ m, 1 ≤ j ≤ n,
(t)
(t+1)
(t)
(t+1) 
∧ (mij ∧ cj ) =⇒ ri
,
(mij ∧ ri ) =⇒ cj
(t)
where ri denotes the flow value of row i at time t.
This constraint defines the sneak current behavior of the
memristors. If a memristor is ON, it will cause the flow
in one of its connected nanowires to sneak onto the other
nanowire. The first part of the constraint causes a sneak
path from a horizontal wire to a vertical wire and the

r1 in the design given(
by Pα at time t and is 0 otherwise.
(t)
0 if ¬r1 in design Pα
That is, f (Pα , t) =
. Since
(t)
1 if r1 in design Pα
there are m ∗ n memristors in the crossbars, it follows
that there cannot exist a sneak path from rm to r1 that
is larger than m ∗ n. Thus, we check the evaluation
condition at time t = m ∗ n. This constraint establishes
an equivalence relation between the value of the formula
we wish to evaluate and whether there is flow on r1 at
some specified time point. We know from condition (1)
that flow begins only on rm ; therefore, φ will be true iff
there exist sneak paths that reach r1 at some time point
and false otherwise. See Figure 7 for an example.

second part of the constraint causes the sneaking of the
current flow from a vertical wire to a horizontal wire.
The wires are initialized at time t = 0 as follows:
(0)
• ∀i 6= m, ¬ri
(0)
• ∀j, ¬cj
For all t ≥ 0, we define the following transitions for each
wire based on the aforementioned sneak path behavior.
W
(t+1)
(t)
• ∀i 6= m, ri
⇐⇒
(mij ∧ cj )
1≤j≤n
W
(t+1)
(t)
• ∀j, cj
⇐⇒
(mij ∧ ri )
1≤i≤m

3) Mapping matrix: P = (pij ) is an m × n matrix such
that pij ∈ {0, 1} ∪ {b1 , b2 , . . . , bs , ¬b1 , ¬b2 , . . . , ¬bs }
specifies whether mij ∈ M is ON, OFF, or if its state
depends on a literal bi ∈ φ. For example, if pij = 1,
then mij will be ON, pij = 0 implies that mij will be
OFF, and pij = bk means that mij will be ON only if bk
is true; similarly, pij = ¬bk means that mij will be ON
only if ¬bk is true. We formalize this in the following
constraint.
4) Mapping constraint: ∀1 ≤ i ≤ m, 1 ≤ j ≤ n, m
ij ⇐⇒
pij ∨ (pij = bk ) ∧ bk ∨ (pij = ¬bk ) ∧ ¬bk , where
∀i, j, pij ∈ {0, 1} ∪ {b1 , b2 , . . . , bs , ¬b1 , ¬b2 , . . . , ¬bs }
denotes the value mapped onto mij . As previously
stated, mij will be ON if its corresponding value pij
in the mapping matrix P is 1 or if a (negated) literal in
φ is mapped to mij and said (negated) literal is true.
For example, given the following mapping matrix:


1
b2
1
P =  0 ¬b1 0 
b1
1
b3
We know that m11 , m13 , and m32 are in the ON state,
while m21 and m23 are in the OFF state. However, the
states of m12 , m22 , m31 , and m33 are dependent on the
literals of φ. It follows that we must evaluate P at values
of bi ∈ φ in order to assign ON or OFF states to these
memristors. We denote by Pα the evaluation of P at a
bit-vector α such that bi = αi in this evaluation. For
example, let α = 100. Then


1 0 1
P100 = 0 0 0
1 1 0
Note that, under this evaluation, it follows from conditions (1) and (2) that a sneak current will flow from rm
to r1 through memristors m31 and m11 . This motivates
the next condition, called the evaluation condition. See
Figure 7 for a more detailed example.


V
5) Evaluation condition:
φ(α) ⇐⇒ f (Pα , t) ,
α∈{0,1}|φ|

where φ(α) denotes the value of φ evaluated at the bitvector α such that φ 3 bi = αi ∈ α in said evaluation,
Pα denotes the values
 of matrix P evaluated at α, and
f : {0, 1}m×n × N 7→ {0, 1} (N denotes the set of
natural numbers) is 1 if there is a sneak path from rm to

We now have a set of variables evolving over time based
on the simple observations stated earlier. These variables will
dictate the evolution of the system and, consequently, the
generation of our crossbar models. The synthesis process
relies on a counterexample to the negation of our evaluation
!


V
condition. Let ω(t) = ¬
φ(α) ⇐⇒ f (Pα , t)
α∈{0,1}|φ|

denote this negation, where ω : N 7→ {0, 1}. Finding a
counterexample to ω(t) requires us to check the value of ω(t)
when the system has evolved for a sufficiently long time. Thus,
ω(t) is checked at time t = m ∗ n. If ω(t) holds at t = m ∗ n,
then we say that there is no valid design mapping φ to a
crossbar of size m × n. However, if ω(t) is false, then a
counterexample will be generated to demonstrate its falsity.
This counterexample will yield the values of the mapping
matrix P that satisfy the evaluation condition.
As an example, suppose we wish to synthesize a 3 × 3
crossbar design for the formula φ = (b1 ∧b2 )∨b3 . The resulting
mapping matrix P and each evaluation Pα can be seen in
Figure 7.
V. E XPERIMENTAL R ESULTS
We use our approach to automatically generate crossbar
designs for the following formulae:
•
•

•

3-bit parity: (¬b1 ∧ ¬b2 ∧ b3 ) ∨ (¬b1 ∧ b2 ∧ ¬b3 ) ∨
(b1 ∧ ¬b2 ∧ ¬b3 ) ∨ (b1 ∧ b2 ∧ b3 )
4-bit parity: (¬b1 ∨¬b2 ∨b3 ∨b4 )∧(¬b1 ∨b2 ∨¬b3 ∨b4 )∧
(¬b1 ∨ b2 ∨ b3 ∨ ¬b4 ) ∧ (b1 ∨ ¬b2 ∨ ¬b3 ∨ b4 ) ∧
(b1 ∨ ¬b2 ∨ b3 ∨ ¬b4 ) ∧ (b1 ∨ b2 ∨ ¬b3 ∨ ¬b4 ) ∧
(b1 ∨ b2 ∨ b3 ∨ b4 ) ∧ (¬b1 ∨ ¬b2 ∨ ¬b3 ∨ ¬b4 )
full adder: This design consists of computing the sum
and carry-out bits simultaneously within a single crossbar.
We do so by outputting S = (¬b1 ∧ ¬b2 ∧ b3 ) ∨ (¬b1 ∧
b2 ∧ ¬b3 ) ∨ (b1 ∧ ¬b2 ∧ ¬b3 ) ∨ (b1 ∧ b2 ∧ b3 ) to r1 and
Cout = (b1 ∧ b2 ) ∨ (b1 ∧ b3 ) ∨ (b2 ∧ b3 ) to r2 .

The synthesized crossbars for the functions above can be
seen in Figure 8. Note that these synthesized designs are significantly less intuitive than the methods discussed in section
III. We obtain our results using the NuSMV ver. 2.5 [5] model
checker.

[30]
[23]
[13]
[33]
Auto.
Synth.

2-bit
Size
5×4
3×3
7×8
2×2
2×2

XOR
Time
4 steps
7 steps
8 steps
3 steps
3 steps

1-bit Sum
Size
Time
7×6
6 steps
5×4
9 steps
16 × 16 17 steps
3×8
7 steps
3×3

4 steps

4-bit Parity
Size
Time
9 × 10
10 steps
9×5
11 steps
40 × 40 41 steps
3 × 31
7 steps
3×4

4 steps

TABLE I: Comparison of design performance, where time
is defined as the number of steps required to configure the
crossbar and compute the formula of interest.

crossbar-configuration overhead, and higher cost-effectiveness.
In fact, the computer-automated designs outperform the
manual design methods discussed in Section III, as can be
seen in Table I.
HSPICE Simulation Results
To study the performance of our approach, we run circuit
simulations of various synthesized crossbars. For our simulations, we model the memristor in [27] using the SPICE model
and parameters proposed in [34] for said memristor. All of
the simulations are done in HSPICE and assume the following
values:
• The source voltage applied V0 = 2V .
• The ON memristor resistance Ron = 100Ω.
• The OFF memristor resistance Rof f = 93kΩ.
• The resistance of each resistor before ground at each row
from where we read a value Rend = 1kΩ.
The results of these simulations are shown Table II (sum
bit based on the design in Figure 8a), Table III (4-bit parity
function based on the design in Figure 8b), and Table IV (full
adder based on the design in Figure 8c). It is easy to verify
that the voltage values measured correlate with the logical
value of the corresponding truth table entry, and the difference
between true and false values is approximately three orders of
magnitude.
Fig. 7: Chart (top) and example (bottom) demonstrating that
the mapping matrix P must be the same for all 2|φ| instantiations of φ such that there is a sneak path from rm to r1 if P
evaluated at α equals φ evaluated at α and φ(α) = 1, where
α is a |φ|-bit string representing the values of the literals of
φ. If φ(α) = 0, then there will be no path from r1 to rm in
Pα .

Man vs Machine
After reviewing the memristor crossbar generated in Figure 8a, we can compare this with our manual design for the
sum bit of a full adder in Figure 4. The space efficiency of the
automatically generated design is due to the use of memristors
mapped from literals in such a way that the literal values
themselves prevent unwanted sneak paths – hence drastically
reducing the number of OFF memristors required just for
this purpose. These more space efficient crossbars inherently
have the attributes of faster computation time due to reduced

VI. C ONCLUSION AND F UTURE W ORK
We have proposed a novel method for synthesizing memristor nano-crossbars based on techniques from formal methods.
The resulting crossbars are capable of evaluating multiple
Boolean formulas in a space- and time-efficient manner and
the designs presented are state-of-the-art when compared to
other methods in the literature. This synthesis leverages sneak
paths, normally seen as a pervasive issue in crossbar computing, and transmutes them into design elements.
We plan to extend this framework to a multi-valued logic
that exploits the continuum of states intrinsic to the memristor.
Such an extension would be of great interest to the neuromorphic and analog computing communities.
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b1
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1

b2
0
0
0
0
1
1
1
1
0
0
0
0
1
1
1
1

b3
0
0
1
1
0
0
1
1
0
0
1
1
0
0
1
1

b4
0
1
0
1
0
1
0
1
0
1
0
1
0
1
0
1

P
0
1
1
0
1
0
0
1
1
0
0
1
0
1
1
0

P (measured)
0.0012 V
1.4286 V
1.4286 V
0.0012 V
1.4286 V
0.0012 V
0.0012 V
1.4286 V
1.4286 V
0.0012 V
0.0012 V
1.4286 V
0.0012 V
1.4286 V
1.4286 V
0.0012 V

TABLE III: HSPICE simulation results for the 4-bit parity
function using the crossbar design from Figure 8b.

Fig. 8: Crossbar designs for a 3-bit parity (a), 4-bit parity (b),
and full adder (c).
A
0
0
0
0
1
1
1
1

B
0
0
1
1
0
0
1
1

Cin
0
1
0
1
0
1
0
1

S
0
1
1
0
1
0
0
1

S (measured)
0.0008 V
1.4286 V
1.4286 V
0.0008 V
1.4286 V
0.0008 V
0.0008 V
1.4286 V

TABLE II: HSPICE simulation results for the three-bit parity
function using the crossbar design from Figure 8a.
and Yuksel Hocalar for inputs on an earlier version of this
draft.
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