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(57) Abstract: In an example, an apparatus for computing hamming distance
may include a memristor array formed of a plurality of memristors, row in-
puts, and column inputs. The apparatus may also include a processor that is
to: assign one of a first value and a second value to each of the row inputs and
the column inputs, in which the row inputs correspond to characters in a first
character string and the column inputs correspond to characters in a second
character string, cause a first voltage to be applied to the row inputs and the
column inputs that are assigned the first value and a second voltage to be ap-
plied to the row inputs and the column inputs that are assigned the second
value; and calculate a hamming distance between the first character string and
the second character string based upon the states of the memristors.



WO 2016/122525 A1 WK 00N 0 A O

— as to applicant’s entitlement to apply for and be granted Published:
a patent (Rule 4.17(ii)) —  with international search report (Art. 21(3))




WO 2016/122525 PCT/US2015/013508

HAMMING DISTANCE COMPUTATION

BACKGROUND

[0001] Computer system architectures continue to evolve to meet ever-
increasing computational requirements. One evolved approach is to use
multiple core processors, in which the multiple cores perform tasks in parallel.
Another approach is to use accelerators, which are separate architectural
substructures that are architected using a different set of special objectives than
the base core processor. The special objectives are typically derived from the
needs of a special class of applications. Additionally, the accelerators are often

integrated with a core or attached to appliances via interconnects.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Features of the present disclosure are illustrated by way of
example and not limited in the following figure(s), in which like numerals indicate

like elements, in which:

[0003] FIG. 1 shows a simplified block diagram of an apparatus for
computing hamming distance, according to an example of the present
disclosure;

[0004] FIG. 2 shows a simplified isometric view of a portion of the

memristor array depicted in FIG. 1, according to an example of the present

disclosure;

[0005] FIG. 3 shows a simplified view of an apparatus for computing

hamming distance, according to another example of the present disclosure;

[0006] FIGS. 4 and 5, respectively show flow diagrams of methods for
computing a hamming distance between a first character string and a second

character string, according to two examples of the present disclosure; and

[0007] FIG. 6 shows a schematic representation of a computing device,
which may implement the apparatuses depicted in FIGS. 1 and 3, according to

an example of the present disclosure.
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DETAILED DESCRIPTION

[0008] For simplicity and illustrative purposes, the present disclosure is
described by referring mainly to an example thereof. In the following
description, numerous specific details are set forth in order to provide a
thorough understanding of the present disclosure. It will be readily apparent
however, that the present disclosure may be practiced without limitation to these
specific details. In other instances, some methods and structures have not
been described in detail so as not to unnecessarily obscure the present
disclosure. As used herein, the terms “a@” and “an” are intended to denote at
least one of a particular element, the term “includes” means includes but not
limited to, the term “including” means including but not limited to, and the term

“‘based on” means based at least in part on.

[0009] Disclosed herein is an apparatus for computing the hamming
distance between a first character string and a second character string through
use of a memristor array. That is, in contrast to conventional use of memristor
arrays as memory devices to store data, the memristor array disclosed herein
may be used as an accelerator of a processor. Particularly, a processor may
implement the memristor array disclosed herein to accelerate the computation
of the hamming distance between the first character string and the second
character string. In one regard, a processor may implement the memristor array
disclosed herein to compute the hamming distance between two character
strings in a manner that is relatively faster and more efficient than if the
processor were to compute the hamming distance between the character strings
itself. As such, the memristor array may be implemented as an accelerator of a
processor, in which the memristor array may be implemented solely in the
computation of a hamming distance between two character strings. By way of
example, through implementation of apparatus disclosed herein, the hamming
distance between the two character strings may be determined in three clock
cycles as compared with a much larger number of clock cycles required if the

processor were to determine the hamming distance itself.
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[0010] As discussed in greater detail herein, the memristor array may be
implemented to compute the hamming distance through a determination of how
the current through the memristor array is affected following application of
voltages through the memristor array corresponding to the characters in the two
character strings. That is, the characters of a first character string may be
assigned to the row inputs of the memristor array in the order in which the
characters are arranged in the first character string. Likewise, the characters of
a second character string may be assigned to the column inputs of the
memristor array in the order in which the characters are arranged in the second
character string. Voltages corresponding to the characters (or converted values
related to the characters) may be applied to each of the row inputs and the
column inputs. Differences in voltages across the memristors may cause the
resistance states of the memristors to be changed. As such, the hamming
distance between the first character string and the second character string may
be related to the increase in resistance level through the memristor array

resulting from the operation described above.

[0011] With reference first to FIG. 1, there is shown a simplified block
diagram of an apparatus 100 for computing hamming distance, according to an
example. It should be understood that the apparatus 100 depicted in FIG. 1
may include additional components and that some of the components described
herein may be removed and/or modified without departing from a scope of the

apparatus 100.

[0012] As shown in FIG. 1, the apparatus 100 includes a substrate 110, a
processor 120, and a memristor array 130, which is also referenced herein as a
memory device array. According to an example, the substrate 110 is an
integrated circuit chip on which the processor 120 and the memristor array 130
are attached. In this example, the processor 120 and the memristor array 130
may communicate directly to each other through a connection on the substrate
110. The processor 120 may be a central processing unit (CPU), a
microprocessor, a micro-controller, an application specific integrated circuit

(ASIC), a processor core, or the like.
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[0013] As discussed herein, the processor 120 may implement the
memristor array 130 as an accelerator to accelerate the computation of a
hamming distance between two character strings. That is, the processor 120
may implement the memristor array 130 to compute the hamming distance
between two character strings in a manner that is relatively faster and more
efficient than if the processor 120 were to compute the hamming distance
between the character strings itself. In this regard, the memristor array 130 may
be implemented as an accelerator of the processor 120, in which the memristor
array 130 is implemented solely in the computation of a hamming distance

between two character strings.

[0014] The hamming distance between two character strings may be
defined as the number of positions at which symbols (or characters)
corresponding to the two character strings are different from each other. In
other words, the hamming distance between two character strings may be
defined as a measure of the minimum number of substitutions required to
change one character string into the other. By way of example, the hamming
distance between the following character strings “1011101” and “1001001” is 2.
As another example, the hamming distance between the following character
strings “karolin” and “kathrin” is 3. Hamming distances may be used in any of a
number of disciplines including, for instance, information theory, coding theory,

cryptography, systematics, etc.

[0015] Although not shown in FIG. 1, the apparatus 100 may include a
memory, which may be, for instance, a volatile or non-volatile memory, such as
dynamic random access memory (DRAM), electrically erasable programmable
read-only memory (EEPROM), magnetoresistive random access memory
(MRAM), or the like. In this example, the machine readable instructions, for
instance, corresponding to the methods disclosed herein, may be stored in the
memory. According to an example, the memory (not shown) is another
memristor array on which the processor is to store data. In this example, the

memristor array 130, which may operate solely as an accelerator, may be
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fabricated with the another memristor array, which may operate as a memory for
the processor 120.

[0016] Turning now to FIG. 2, there is shown a simplified isometric view
of a portion of the memristor array 130 depicted in FIG. 1, according to an
example. It should be understood that the memristor array 130 depicted in FIG.
2 may include additional components and that some of the components
described herein may be removed and/or modified without departing from a
scope of the memristor array 130.

[0017] As shown in FIG. 2, the memristor array 130 may be formed as a
crossbar array and may include a first layer 210 formed of a plurality of first
electrodes 212 and a second layer 220 formed of a plurality of second
electrodes 222. The first electrodes 212 are depicted as extending along a first
plane and the second electrodes 222 are depicted as extending along a second

plane, in which the second plane is parallel or nearly parallel to the first plane.

[0018] The first electrodes 212 and the second electrodes 222 are also
depicted as being in a crossed relationship with respect to each other such that
junctions 230 are formed at intersections between respective pairs of the first
electrodes 212 and second electrodes 222. That is, the first electrodes 212 are
depicted as extending in a direction that is perpendicular to the direction in
which the second electrodes 222 extend. According to an example, the second
electrodes 222 may be substantially perpendicular to the first electrodes 212,
e.g., there may be less than about a 5° of rotation difference between the first

electrodes 212 and the second electrodes 222.

[0019] The second electrodes 222 are further depicted as being in a
spaced relationship with respect to the first electrodes 212 such that gaps exists
between the first electrodes 212 and the second electrodes 222 into which
switching elements 232 may be provided. The switching elements 232 and the
sections of the first electrodes 212 and the second electrodes 222 around the
switching elements 232 may form respective memristors 240, which are also

referred to herein as memory devices.
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[0020] The first electrodes 212 may be formed of an electrically
conductive material, such as AlICu, AICuSi, AICuSi with a barrier layer, such as
TiN, or the like. The second electrodes 222 may be formed of any of the
example materials listed for the first electrodes 212. In addition, the second
electrodes 222 may be formed of the same or different materials as compared
with the first electrodes 212. The second electrodes 222 may be formed of an
electrically conductive material, such as TaAl, WSIN, AlCu combination, or the
like. The switching elements 232 may be formed of switching oxides, such as a
metallic oxide. Specific examples of switching oxide materials may include
magnesium oxide, titanium oxide, zirconium oxide, hafnium oxide, vanadium
oxide, niobium oxide, tantalum oxide, chromium oxide, molybdenum oxide,
tungsten oxide, manganese oxide, iron oxide, cobalt oxide, copper oxide, zinc
oxide, aluminum oxide, gallium oxide, silicon oxide, germanium oxide, tin
dioxide, bismuth oxide, nickel oxide, yttrium oxide, gadolinium oxide, and
rhenium oxide, among other oxides. In addition to the binary oxides presented
above, the switching oxides may be ternary and complex oxides such as silicon
oxynitride. The oxides presented may be formed using any of a number of
different processes such as sputtering from an oxide target, reactive sputtering
from a metal target, atomic layer deposition (ALD), oxidizing a deposited metal

or alloy layer, etc.

[0021] A memristor 240 may generally be defined as an electrically
actuated apparatus formed of a pair of spaced apart electrodes 212, 214 with a
switching element 232 positioned between the electrodes 212, 214. The
memristors 240 are able to change the values of their resistances in response to
various programming conditions and are able to exhibit a memory of past
electrical conditions. For instance, the memristors 240 may be programmed to
respectively represent a logical “1” or ON while in a low resistance state and a
logical “0” or OFF while in a high resistance state and may retain these
resistance states. Particularly, the resistance state of the switching element 232
may be changed through application of a current, in which the current may

cause mobile dopants in the switching element to move, which may alter the
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electrical operation of the memristor 240. After removal of the current, the
locations and characteristics of the dopants remain stable until the application of
another programming electrical field. The states of the memristors 240 may be
read by applying a lower reading voltage across the switching element which
allows the internal electrical resistance of the memristor 240 to be sensed but
does not generate a sufficiently high electrical field to cause significant dopant

motion.

[0022] With reference now to FIG. 3, there is shown a simplified view of
an apparatus 300 for computing hamming distance, according to another
example. It should be understood that the apparatus 300 depicted in FIG. 3
may include additional components and that some of the components described
herein may be removed and/or modified without departing from a scope of the

apparatus 300.

[0023] As shown in FIG. 3, the apparatus 300 may include the same
features as the apparatus 100 depicted in FIG. 1. Particularly, the apparatus
300 may include the processor 120 and the memristor array 130 depicted in
FIG. 1. The apparatus 300 is also depicted as including a voltage source 330
and a current reader 340 connected to the processor 120. The voltage source
330 and the current reader 340 may be provided on the substrate 110 or may

be located outside of the substrate 110.

[0024] As also shown, the memristor array 130 may have a diagonal
cross-bar architecture, which includes a plurality of row lines 310a-310n and a
plurality column lines 320a-320n. The variable “n” may represent an integer
value greater than one. Each of the row lines 310a-310n and the column lines

320a-320n may be an electrically conductive wire, an electrode, or the like.

[0025] The memristor array 130 is also depicted as having a plurality of
memristors 240 electrically connected to respective pairs of row lines 310a-310n
and column lines 320a-320n. That is, a first memristor 240 is depicted as being
electrically connected to the first row line 310a and the first column line 320a, a
second memristor 240 is depicted as being electrically connected to the second

row line 310b and the second column line 320b, and an nth memristor 240 is
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depicted as being electrically connected to the nth row line 310n and the nth
column line 320n. In an example, and although not shown, memristors 240 may
be provided at each of the junctions of the row lines 310a-310n and the column
lines 320a-320n. In another example, the memristor array 130 includes the
memristors 240 as depicted in FIG. 3 and does not include additional
memristors between other row line and column line combinations. In this
example, for instance, a memristor may not be positioned in electrical
connection between the first row line 310a and the second column line 320b,

the second row line 310b and the first column line 320a, etc.

[0026] Each of the row lines 310a-310n is depicted as including a
respective row input 312a-312n and each of the column lines 320a-320n is
depicted as including a respective column input 322a-322n. The voltage source
330, which may be connected to a power supply (not shown), is also depicted
as being connected to each of the row inputs 312a-312n and the column inputs
322a-322n. The connections between the voltage source 330 and the row
inputs 312a-312n and the column inputs 322a-322n are shown as dotted lines
to distinguish those lines from the row lines 310a-310n and the column lines
320a-320n. In any regard, the processor 120 may control or otherwise cause
the voltage source 330 to apply voltages at multiple levels to the row inputs
312a-312n and the column inputs 322a-322n. The multiple levels of voltages
may include a resetting voltage, a reading voltage, a first voltage, and a second
voltage, in which each of these voltages differ from each other.

[0027] The processor 120 may control or otherwise cause the voltage
source 330 to supply respective ones of the multiple voltage levels
independently to each of the row inputs 312a-312n and the column inputs 322a-
322n. That is, the processor 120 may cause the voltage source 330 to apply a
first voltage to the first row input 312a and to apply a second voltage to the first
column input 322a. In addition, the processor 120 may cause the voltage
source 330 to apply voltages to respective pairs of row inputs 312a-322n and
column inputs 322a-322n in a sequential manner. That is, the processor 120

may cause the voltage source 330 to apply voltages to the first row input 312a
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and the first column input 322a at a first time, apply voltages to the second row
input 312b and the second column input 322b at a second time, and so forth. In
this regard, the resistance states of the memristors 240 in the memristor array
130 that do not correspond to any characters in the first and second character
strings may not be affected during application of the first and second voltages
on the memristors 240 that do correspond to the characters in the first and

second character strings.

[0028] As discussed in greater detail herein below, the processor 120
may control the voltage source 330 to supply different levels of voltages to the
row inputs 312a-312n and the column inputs 322a-322n based upon values
assigned to each of the row inputs 312a-312n and the column inputs 322a-
322n. As also discussed below, the row inputs 312a-312n may be assigned
values that correspond to the characters in a first character string and the
column inputs 322a-322n may be assigned values that correspond to the

characters in a second character string.

[0029] According to an example, each of the memristors 240 is a unipolar
memristor. That is, switching of the memristors 240 may depend on the
amplitude but not the polarity of an applied voltage. In addition, the resistance
states of the unipolar memristors 240 may be set and reset at the same polarity
of the applied voltage. Moreover, states of the memristors 240 may be changed
when there is a difference in potential across the memristors 240. That is, if the
same voltage is applied to the first row input 312a and the first column input
322a, there will be an equal potential across the memristor 240 that is
connected to the first row line 310a and the first column line 320a and thus, no
electrical field will be generated across the memristor 240. In this instance, the
state of the memristor 240 will not be changed. However, if a first voltage is
applied to the first row input 312a and a second voltage is applied to the first
column input 322a, there will be a difference in potential across the memristor
240, and thus, the state of the memristor 240 may be changed. The states of
the memristors 240 may thus be controlled through the control of the voltages

applied to each of the row inputs 312a-312n and the column inputs 322a-322n.
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[0030] As discussed above, the different states of the memristors 240
correspond to different resistances in the memristors 240. That is, a memristor
240 in one state may have a different resistance as compared with a memristor
240 in another state. The states of the memristors 240 may thus affect the total
current across the memristor array 130. As discussed in greater detail below,
following application of the voltages through the memristor array 130 to set the
states of the memristors 240 according to the similarities and differences in the
characters of the first and second character strings, the processor 120 may
cause the voltage source 330 to apply a read voltage across the memristor
array 130. As the read voltage is applied, the current reader 340 may determine
the total current across the memristors 240 resulting from the applied read
voltage. The current reader 340 may also forward the determined total current

to the processor 120.

[0031] The processor 120 may calculate the hamming distance between
the first character string and the second character string based upon the
determined total current. In other words, the processor 120 may calculate the
hamming distance between the first character string and the second character
string, which are also referred to herein as a first set of symbols and a second
set of symbols, based upon the states of the memristors 240. According to an
example, the processor 120 may calculate the hamming distance from a
predetermined correlation between hamming distances and total current values.
That is, a calibration process using test values may be performed to determine
the hamming distances, e.g., the number of positions at which the
corresponding characters in the first and second character strings differ from
each other, corresponding to different total current values and/or the total

current values corresponding to different hamming distances .

[0032] Turning now to FIGS. 4 and 5, there are respectively shown flow
diagrams of methods 400 and 500 for computing a hamming distance between
a first character string and a second character string, according to two
examples. It should be understood that the methods 400 and 500 depicted in

FIGS. 4 and 5 may include additional operations and that some of the
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operations described herein may be removed and/or modified without departing
from the scopes of the methods 400 and 500. The descriptions of the methods
400 and 500 are made with reference to the features depicted in FIG. 3 for
purposes of illustration and thus, it should be understood that the methods 400
and 500 may be implemented in apparatuses having architectures different from
that shown in FIG. 3.

[0033] At block 402, either a first value or a second value may be
assigned to each of a plurality of row inputs 312a-312n and to each of a plurality
of column inputs 322a-322n of a memristor (e.g., memory device ) array 130.
That is the processor 120 may assign one of the first value and the second
value to each of the row inputs 312a-312n and the column inputs 322a-322n.
Particularly, the processor 120 may correlate the characters in a first character
string to the positions of the row inputs 312a-312n and may correlate the
characters in a second character string to the positions of the column inputs
322a-322n. Thus, for instance, the processor 120 may assign the first character
in the first character string to the first row input 312a, the second character in
the first character string to the second row input 312b, and so forth. Likewise,
the processor 120 may assign the first character in the second character string
to the first column input 322a, the second character in the second character

string to the second column input 322b, and so forth.

[0034] According to an example, the processor 120 may convert the
characters in the first character string and the second character string into
Boolean values prior to assigning the characters to the row inputs 312a-312n
and the column inputs 322a-322n. That is, the processor 120 may assign the
Boolean values of the characters to the row inputs 312a-312n and the column
inputs 322a-322n, in which each of the characters is assigned the same number
of Boolean values. In this example, each character in the character strings may
be converted into multiple Boolean values and each of the Boolean values
corresponding to a character may be assigned to multiple ones of the row inputs
312a-312n. Thus, for instance, a first character in the first character string may

be converted to three Boolean values “010”. In this example, the first Boolean
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value “0” may be assigned to the first row input 312a, the second Boolean value
“1” may be assigned to the second row input 312b, and the third Boolean value
“0” may be assigned to the third row input 312c. The remaining characters in
the character strings may be converted in a similar manner. In addition, the
processor 120 may assign the Boolean values of the characters in the orders in

which the characters are arranged in the first and second character strings.

[0035] Following block 402, each of the characters or the Boolean values
corresponding to the characters in the first character string may be assigned to
a respective row input 312a-312n according to the order in which the characters
are arranged in the first character string. In addition, each of the characters or
the Boolean values corresponding to the characters in the second character
string may be assigned to a respective column input 322a-322n according to the
order in which the characters are arranged in the second character string.
Moreover, each of the characters or the Boolean values is one of a first value,

e.g., 0, and a second value, e.g., 1.

[0036] At block 404, a first voltage may be caused to be applied to the
row inputs 312a-312n and the column inputs 322a-322n that are assigned the
first value. In addition, at block 406, a second voltage may be caused to be
applied to the row inputs 312a-312n and the column inputs 322a-322n that are
assigned the second value. For instance, the processor 120 may cause or
control the voltage source 330 to apply the first voltage and the second voltage
to each of the row inputs 312a-312n and the column inputs 322a-322n as
indicated at blocks 404 and 406 concurrently. In another example, the
processor 120 may cause the voltage source 330 to apply voltages to
respective pairs of row inputs 312a-322n and column inputs 322a-322n in a

sequential manner, as discussed above.

[0037] As also discussed above, the first voltage differs from the second
voltage and the second voltage may be relatively larger than the first voltage.
By way of example, the first voltage may be a zero voltage and the second
voltage may be a voltage that is to generate a sufficiently strong electrical field

to change the resistance state of a memristor 240. For instance, the second
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voltage may be about 3V or more. In another example, the first voltage may be
around 1V and the second voltage may be about 5V or more. It should be
understood that these voltages are for illustrative purposes and that the first and
second voltages may have other values without departing from a scope of the
method 400.

[0038] According to an example, a sufficiently high current compliance
may be set on the memristors 240 to enable the resistance states of the

memristors 240 to be switched through application of the second voltage.

[0039] Application of the first voltage and the second voltage as indicated
at blocks 404 and 406 may either cause the potentials across each of the
memristors 240 to respectively be the same or different from each other. The
potential across a memristor 240 may be the same if the row input and the
column input of the row line and column line to which the memristor 240 is
attached are at the same voltage level. The potentials across a memristor 240
may be different from each other if the row input and the column input of the row
line and column line to which the memristor 240 is attached are different from
each other. As discussed above, the resistance state of the memristor 240 may
remain unchanged when a potential difference does not exist across the
memristor 240. However, when a potential difference does exist across the
memristor 240, the resistance state of the memristor 240 may be changed, e.g.,
may be increased. That is, the resistance state of a memristor 240 may be
changed if the voltage applied to the row input of the memristor 240 is the first
voltage, e.g., zero volts, and the voltage applied to the column input of the
memristor 240 is the second voltage.

[0040] Thus, the resistance states of the memristors 240 may remain the
same for those memristors 240 positioned between row and column inputs
respectively corresponding to characters in the first and second character
strings that are the same. Likewise, the resistance states of the memristors 240
may be changed for those memristors 240 positioned between row and column
inputs respectively corresponding to characters in the first and second character

strings that differ from each other.
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[0041] According to an example, a resetting voltage may be applied to
the memristors 240 prior to implementation of blocks 404 and 406 to reset the
memristors 240 such that all of the memristors 240 are in a common resistance
state. For instance, the processor 120 may cause the voltage source 330 to
apply a resetting voltage to each of the row inputs 312a-312n without applying a
voltage on each of the column inputs 322a-322n, or vice versa. According to an
example, the processor 120 may cause the voltage source 330 to apply a
relatively larger voltage as compared with the second voltage to each of the row
inputs 312a-312n to thus cause each of the memristors 240 to have the same
states. In this example, the processor 120 may assign the same values to each
of the row inputs 312a-312n (or column inputs 322a-322n), in which the same

values are higher than the second voltage.

[0042] At block 408, a read voltage may be caused to be applied across
the memristors 240 (or equivalently, memory devices 240). For instance, the
processor 120 may cause the voltage source 330 to apply the read voltage
across the memristor 240 through the row inputs 312a-312n and the column
inputs 322a-322n. The read voltage may be lower than the second voltage to
prevent the read voltage from changing the states of the memristors 240 but
may be of sufficient level to enable a total current through the memristors 240 to

be determined.

[0043] At block 410, a total current across the memristors 240 resulting
from the applied read voltage may be determined. For instance, the processor
120 may determine the total current from the current reader 340, which may be
an ammeter. The total current across the memristors 240 may vary depending
upon the number of memristors 240 whose resistance states have been

modified during implementation of blocks 404 and 406.

[0044] At block 412, a hamming distance between the first character
string and the second character string may be calculated. For instance, the
processor 120 may calculate the hamming distance between the first character
string and the second character string based upon the determined total current

across the memristors 240. Particularly, the processor 120 may compare the
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determined total current with predetermined correlations between total current
values and hamming distances and identify the hamming distance that

corresponds to the determined total current.

[0045] With reference now to FIG. 5, at block 502, a first character string
and a second character string, which are also referenced herein as a first set of
symbols and a second set of symbols, may be accessed. For instance, the
processor 120 may access the first character string and the second character
string, in which the hamming distance between the first character string and the
second character string is to be determined. The characters in the first
character string and the second character string may be symbols, numerals,

letters, combinations of different character types, or the like.

[0046] At block 504, the characters in the first character string and the
second character string may optionally be converted to Boolean values, or
equivalently, to another binary code. Block 504 may be optional, for instance,
not performed in cases in which the characters in the first character string and
the second character string are already in binary code form. The processor 120
may convert the characters into binary code form in any of the manners

discussed above with respect to the method 400 in FIG. 4.

[0047] At block 506, a resetting voltage may be caused to be applied to
the memristors 240. For instance, the processor 120 may cause the voltage
source 330 to apply the resetting voltage to either or both of the row inputs
312a-312n and the column inputs 322a-322n to reset the memristors 240 such

that all of the memristors 240 are in the same resistance state.

[0048] Following conversion of the characters, as indicated at block 508,
the method 400 may be implemented to determine the hamming distance

between the first character string and the second character string.

[0049] Some or all of the operations set forth in the methods 400 and 500
may be contained as utilities, programs, or subprograms, in any desired
computer accessible medium. In addition, the methods 400 and 500 may be

embodied by computer programs, which may exist in a variety of forms both
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active and inactive. For example, they may exist as machine readable
instructions, including source code, object code, executable code or other
formats. Any of the above may be embodied on a non-transitory computer-

readable storage medium.

[0050] Examples of non-transitory computer-readable storage media
include computer system RAM, ROM, EPROM, EEPROM, and magnetic or
optical disks or tapes. It is therefore to be understood that any electronic device
capable of executing the above-described functions may perform those

functions enumerated above.

[0051] Turning now to FIG. 6, there is shown a schematic representation
of a computing device 600, which may implement the apparatus 100, 300
depicted in FIGS. 1 and 3, according to an example. The computing device 600
may include an apparatus 602 and an input/output interface 604. The
apparatus 602 may include the processor 120 and the memristor array 130 as
shown in FIGS. 1 and 3. The input/output interface 604 may provide an
interface with an input device, such as a keyboard, a mouse, etc., and an output
device, such as a display. The computing device 600 may also include a
network interface 608, such as a Local Area Network LAN, a wireless 802.11x
LAN, a 3G mobile WAN or a WiMax WAN, through which the computing device
600 may connect to a network (not shown). The computing device 600 may
further include a computer-readable medium 610 on which is stored sets of
machine-readable instructions. Each of these components may be operatively
coupled to a bus 612, which may be an EISA, a PCl, a USB, a FireWire, a
NuBus, a PDS, or the like.

[0052] The computer-readable medium 610 may be any suitable medium
that participates in providing instructions to the processor 602 for execution. For
example, the computer-readable medium 610 may be non-volatile media, such
as an optical or a magnetic disk; volatile media, such as memory. In an
example, the computer-readable medium 610 is another memristor array and is
fabricated on the apparatus 602 such that the processor 120 may access the

computer-readable medium 610 directly, i.e., without going through the bus 612.
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As shown, the computer-readable medium 610 may store a hamming distance
computing module 620, which the processor 120 may implement to compute the
hamming distance between character strings. The hamming distance
computing module 620 may thus be a set of machine readable instructions

pertaining to one of the methods 400 and 500.

[0053] Although described specifically throughout the entirety of the
instant disclosure, representative examples of the present disclosure have utility
over a wide range of applications, and the above discussion is not intended and
should not be construed to be limiting, but is offered as an illustrative discussion

of aspects of the disclosure.

[0054] What has been described and illustrated herein are examples of
the disclosure along with some variations. The terms, descriptions and figures
used herein are set forth by way of illustration only and are not meant as
limitations. Many variations are possible within the scope of the disclosure,
which is intended to be defined by the following claims -- and their equivalents --
in which all terms are meant in their broadest reasonable sense unless

otherwise indicated.
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CLAIMS

What is claimed is:

1. An apparatus for computing hamming distance, said apparatus
comprising:
a memristor array formed of a plurality of memristors, wherein each of the
memristors is individually addressable through a row input and a column input;
a processor to:
assign one of a first value and a second value to each of the row
inputs and the column inputs of the plurality of memristors, wherein the row
inputs correspond to characters in a first character string and the column inputs
correspond to characters in a second character string;
cause a first voltage to be applied to the row inputs and the
column inputs that are assigned the first value and a second voltage to be
applied to the row inputs and the column inputs that are assigned the second
value, wherein states of the memristors are to be changed when voltages
applied to the row inputs and the column inputs of the memristors differ from
each other and wherein states of the memristors are to remain unchanged when
the first and second voltages are the same; and
calculate a hamming distance between the first character string

and the second character string based upon the states of the memristors.

2. The apparatus according to claim 1, wherein the processor is further to
cause a read voltage to be applied across the plurality of memristors and to
determine a total current across the plurality of memristors resulting from the

applied read voltage.

3. The apparatus according to claim 2, wherein the processor is further to
calculate the hamming distance from a predetermined correlation between

hamming distances and total current values.
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4, The apparatus according to claim 1, wherein the processor is further to:
convert the characters in the first character string and the second
character string into Boolean values, wherein the first value and the second

value are the Boolean values.

5. The apparatus according to claim 1, further comprising:
a substrate, wherein the memristor array and the processor are attached
to the substrate.

6. The apparatus according to claim 5, further comprising:

another memristor array attached to the substrate, wherein the memristor
array is to function solely as an accelerator for the processor to accelerate
calculation of hamming distances and wherein the processor is to store data in

the another memristor array.

7. The apparatus according to claim 1, wherein the processor is further to
cause a resetting voltage to be applied to one or both of the row inputs and the
column inputs prior to application of the first voltage and the second voltage,
wherein application of the resetting voltage is to cause the memristors to be in a
common resistance state with respect to each other.

8. The apparatus according to claim 1, wherein the memristors are unipolar

memristors arranged in a diagonal cross-bar architecture.

9. The apparatus according to claim 1, wherein a sufficiently high current
compliance is set on the memristors to enable the states of the memristors to be
switched through application of the second voltage.

10. A method for computing a hamming distance between a first set of
symbols and a second set of symbols, said method comprising:
assigning either a first value or a second value to each of a plurality of

row inputs and to each of a plurality of column inputs of a memory device array,
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wherein the plurality of row inputs correspond to the symbols in the first set of
symbols and the plurality of column inputs corresponds to the symbols in the
second set of symbols;

causing a first voltage to be applied to the row inputs and the column
inputs that are assigned the first value and a second voltage to be applied to the
row inputs and the column inputs that are assigned the second value, wherein a
resistance state of a memory device is to be changed when the voltages applied
to the row input and the column input of the memory device differ from each
other and wherein the resistance state of the memory device is to remain
unchanged when the voltages are the same;

causing a read voltage to be applied across the memory devices;

determine a total current across the memory devices resulting from the
read voltage; and

calculating a hamming distance between the first set of symbols and the

second set of symbols based upon the determined total current.

11.  The method according to claim 10, wherein calculating the hamming
distance further comprises calculating the hamming distance from a

predetermined correlation between hamming distances and total current values.

12.  The method according to claim 10, further comprising:
converting the symbols in the first set of symbols and the symbols in the
second set of symbols into Boolean values, wherein the first value and the

second value are the Boolean values.

13.  The method according to claim 10, wherein causing the first voltage to be
applied to the row inputs and the column inputs that are assigned the first value

further comprises causing a zero voltage to be applied as the first voltage.

14. A system for determining a difference between a first character string and

a second character string, said system comprising:
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a memristor array formed of row lines, column lines, and memristors
connected to respective pairs of row lines and column lines;
a processor to:
assign each of the characters in the first character string and the
second character string to one of a first value and a second value;
assign each of the characters in the first character string to a
respective row line and each of the characters in the second character string to
a respective column ling;
assign one of the first value and the second value to each of the
row lines and the column lines according to the assignment of the characters to
the row lines and the column lines;
designate a first voltage to be applied to the row inputs and the
column inputs that are assigned the first value and a second voltage to be
applied to the row inputs and the column inputs that are assigned the second
value;
determine a total current across the memristor array; and
calculate a hamming distance between the first character string

and the second character string corresponding to the determined total current.

15. The system according to claim 14, further comprising a substrate,

wherein the memristor array the processor are attached to the substrate.
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