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(57) Abstract: Example implementations of the present disclosure relate to improved computational accuracy in a crossbar array. An
example system may include a crossbar array, having a plurality of memory elements at junctions, usable in performance of compu-
tations. The example system may further include a calculate engine to calculate ideal conductance of memory elements at a plurality
of junctions of the crossbar array and a determine engine to determine conductance of the memory elements at the plurality of junc-
tions of the crossbar array. An adjust engine of the example system may be used to adjust conductance of at least one memory ele -
ment to improve computational accuracy by reduction of a ditference between the ideal conductance and the determined conduct -
ance of the at least one memory element.
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IMPROVED COMPUTATIONAL ACCURACY IN A CROSSBAR ARRAY

Background
180017 A crossbar array may be inherently efficient for paraliel

signal processing because of a compact integrated structure. For
example, an ideal crossbar siructure may be used o accurately perform,
via Kirchhoff's Current Law, vector-matrix muitiplication between input
vectors and data values (weights) stored by memory elements in a matrix

of the crosshar array.

Brief Description of the Drawings

[o002] Figure 1 illustrates a diagram of an example of a computing
system for improved computational accuracy in a crossbar array according
to the present disclosure.

12003] Figure 2 illustrates a diagram of an example of a crossbar
array for improved compuiational accuracy in a crossbar array according
o the present disclosure.

[0004] Figure 3 iHustrates a circuit diagram of an example of a
crossbar array for improved computational accuracy in a cressbar array
according o the present disclosure.

[G005] Figure 4 illusirates a diagram of an example of nonlinearity
of output of an actual crossbar array compared to an ideal crossbar array

according to the present disclosure.
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18006] Figure & illustrates a flow chart of an example process for
improved computational accuracy in a crossbhar array according to the
present disclosure.

[e007] Figure 6 illustrates a diagram of an example of improved
computational accuracy in a crossbar array with adjusted conductance of
memory elements according to the present disclosure.

[0008] Figure 7 illustrates a diagram of an example of a system for
improved computational accuracy in a crosshar array according 1o the
present disclosure.

[G008] Figure 8 illusirates a diagram of an example computing
device for improved computational accuracy in a crosshar array according
to the present disclosure.

[0010] Figure 9 illustrates a flow diagram of an example method for
improved computational accuracy in a crossbar array according io the

present disclosure.

Detailed Description

[Go11] Computations using real crossbar circuits (arrays) may have
notable computational inaccuracy {errors) relative 1o target resulis, such
as resulis determined from input of test data with known correct output
and/or resulis obtained from a simulated {ideal) crossbar array, efc. Such
computational inaccuracy may be causad by behavior of the actual
crossbar array being affected by, for example, increasing wire resistance
that may correlate with distance of a column from an input signal in a row,
resistance for signal input and/or output, inherent device nonlinearity,
thermai effects, noise, and/or other parasitics, etc. Such influences on
behavior of an actual crossbar array may be difficult to compensaie for
during the computations and/or data processing. As such, the present
disclosure relates to improved computational accuracy in a crossbar array.
18012} An example system may include a crossbar array, having &
plurality of memory elements at junctions, usable in performance of
computations. The example system may further include a calculate
engine to calculate ideal conductance of memory elements at a plurality of

junctions of the crossbar array and a determineg engine {o determine
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conductance of the memory elements at the plurality of junctions of the
crossbar array. An adjust engine of the example system may be used io
adjust conductance of at least one memory element to improve
computational accuracy by reduction of a difference between the ided
conductance and the determined conductance of the atl least one memory
element.

[0013] Figure 1 illustrates a diagram of an example of a computing
system for improved computational accuracy in a crosshar array according
to the present disclosure. Figure 1 is a diagram of a computing system
100 for determining a dot product, according {o one exampie of the
principles described herein. The computing system 100 may be
implemented in an electronic device. Examples of electronic devices
include servers, desktop computers, laptop computers, personal digital
assistants (PDAs), mobile devices, smariphones, gaming systems, and/or
tablets, among other electronic devices.

180147 The computing system 100 may be utilized in any data
processing scenario including stand-alone hardware, mobile applications,
through a computing network, or combinations thereof. Further, the
computing system 100 may be used in a computing network, a public
cloud network, a private cloud network, a hybrid cloud network, other
forms of networks, or combinations thereof. The systems and methods
described herein may be provided by the computing system 100 are
provided as a service over a network by, for example, a third parly. Inthis
example, the service may include, for example, the following: a Software
as a Service (3aalb) hosting a number of applications; a Platform as a
Service (FPaaS) hosting a computing platform including, for example,
operating systems, hardware, and storage, among others; an
Infrastructure as a Service (laa8) hosting equipment such as, for example,
sarvers, storage components, network, and components, among others;
application program interface (AP1) as a service (APlaal), other forms of
network services, or combinations thereof. The systems present herein
may be implemented on one or mulliple hardware platforms, in which the
modules in the system may be executed on one or across multinle

platforms. Such modules may run on various forms of cloud technologies
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and hybrid cloud technologies or be offered as a SaaS (Software as a
sarvice) that may be implemented on or off the cloud. In another example,
the methods provided by the computing system 100 may be executed by a
focal administrator.

12015] To achieve its intended functionality, the computing system
100 may include various hardware components. Among these hardware
components may be a number of processors 101, a number of data
storage devices 102, a number of peripheral device adapters 103, and/or
a number of network adapters 104. These hardware components may be
interconnecied through use of a number of busses and/or network
connections. For example, the processor 101, data storage device 102,
peripheral device adapters 103, and/or a network adapter 104 may be
communicatively coupled via a bus 105.

[0018] The processor 101 may include the hardware archilecture o
retrieve executable code from the data storage device 102 and execute
the executable code. The execuiable code may, when executed by the
processor 101, cause the processor 101 {o implementi at least the
functionalily, for example, of applying a number of first voltages to a
corresponding number of row lines {wires) within a memristive crossbar
array to change the resistive values of a corresponding number of
memristors located at junctions between the row wires and a number of
column lines (wires), the first voliages representing a corresponding
number of values within g malrix, respectively. The exsculable code may,
when executed by the processor 101, also cause the processor 101 to
implement at least the functionality of applying a number of second
voltages o a corresponding number of row wires within a memristive
crosshar array, the second voltages representing a corresponding number
of vecior values. The executable code may, when executed by the
processor 101, further cause the processor 101 to implement at least the
functionality of collecting the oulput currents from the column wires| the
collected output currents representing the dot product. In the course of
executing code, the processor 101 may receive input from and and/or

provide cuiput {0 a number of the remaining hardware units.
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180177 The data storage device 102 may store data such as
executable program code that is executable by the processor 101 or other
processing device. The data siorage device 102 may specifically store
computer code representing a number of applications that the processor
101 may execule {o implement at least the functionality described herein.
[0018] The data storage device 102 may include various types of
memory modules, including volatile and nonvolatile memory. For
example, the data storage device 102 of the present example includes
RAM 106, ROM 107, and/or HDD memory 108. Many other types of
memory may aiso be ulilized, and the present disclosure contemplates the
use of as many varying type{(s) of memory in the data storage device 102
as may suit a particular application of the principles described herein. In
various examples, different types of memory in the data storage device
102 may be used for different data storage needs. For example, in certain
examples the processor 101 may boot from ROM 107, maintain
nonvolatile storage in the HDD memory 108, and/or execute program
code stored in RAM 108, among other potential uses of memory types.
[06019] The data storage device 102 may include a computer-
readable medium, a computer-readable storage medium, and/or a non-
transitory computer-readable medium, among others. For example, the
data storage device 102 may be, but is not limited o, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconductor system,
apparatus, or device, or any suitable combination of the foregoing. More
specific examples of the computer-readable storage medium may include,
for example, the following: an slectrical connection having a number of
wires, a portable computer disketie, a hard disk, a RAM, a ROM, an
erasable programmable ROM (EPROM or Flash memory}, a portable
compact disc ROM (CD-ROM), an optical siorage device, a magnetic
storage device, or any suitable combination of the foregoing. In the
context of this disclosure, a computer-readable storage medium may be
any tangible medium that can contain, or store computer-usable program
code for use by or in connection with an insfruction execution sysiem,
apparatus, or device. In ancther example, a computer-readable siorage

medium may be any non-transitory medium that can contain, or store a
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program for use by or in connection with an instruction execution system,
apparatus, or device.

[0020] The hardware adapters 103, 104 in the compuling system
100 may enable the processor 101 to interface with various other
hardware elements, external and internal to the computing system 100.
For example, the peripheral device adapters 103 may provide an interface
to inpul/output devices, such as, for example, display device 109, a
mouse, or a keyboard (not shown). The peripheral device adapters 103
may alsc provide access o other exiernal devices such as an exiernal
storage device, a number of network devices such as, for exampie,
sarvers, switches, and/or routers, client devices, other types of computing
devices, and combinations thereof (not shown).

(0021} The display device 109 may be provided to allow a user of
the computing system 100 {0 interact with and/or to implement the
functionality of the computing system 100. The peripheral device adapters
103 may also create an interface between the processor 101 and the
display device 109, a printer, or other media output devices. The network
adapter 104 may provide an interface 1o other computing devices within,
for example, a network, thereby enabling the transmission of data
between the computing system 100 and other devices located within the
network,

(0022} The computing system 100 may, when executed by the
processor 101, display the number of graphical user interfaces (GUls) on
the display device 109 associated with the executable program code
representing the number of applications stored on the data storage device
102. The GUls may display, for example, interactive screenshots that
allow a user o interact with the computing system 100 {o input data values
to a crossbar array 110 for various computation operations. For example,
matrix values and input vector values may, in some embodiments, be
stored in and/or input o the crossbar array 110 functioning as a dot
product engine (DPE) for vector/matrix multiplication via the memory
elements at jJunclions of the crossbar array. The memory elements in the
crosshar array may, in some examples, be resistive memaory (memristor)

elements used in a memristor array, although embodiments are not limited
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to such memristor arrays, as will be described in more detail below.
Additionally, via interacting with the GUis of the display device 108, a user
may obitain a dot product value based on the input data. Examples of
display devices 109 include a computer screen, a laptop screen, a mobile
device screen, a personal digital assistant (PDA) screen, and/or a tablet
screen, among other display devices.

[0023] The computing system 100 may further include a crossbar
array (xbary 110, which may correspond to the "actual crossbar array”
described herein. In various examples, the crossbar array 110 may be
impiemented as a memvristive crossbar array 210, as illustrated at 210 in
Figure 2, and/or as a differential mode DPE memristive array, as
flustrated at 320 in Figure 3.

[0024] As described below, the crossbar array 110 may include a
number of elemenis, including a number of memristors that function
together within the array to perform a weighted sum of multiple inputs.
The differential mode DPE memyristive array may, for example, be used in
a number of applications. For example, the differential mode DPE
memristive array may be used as a threshold logic gate (TLG) to perform
a malrix product to compare the output with g threshold. Thus, the
differential mode DPE memristive array may be used as an accelerator in
which the differential mode DPE memristive array performs a number of
functions faster than is possible in software running on a more general-
purpose processing device.

[0025] Although the crossbar array 110 is depicted as being a
device internal to the computing system 100, in another example, the
crossbhar array 110 may be a peripheral device coupled o the computing
system 100 or included within a peripheral device coupled 1o the
computing system 100.

[0026] The computing system 100 further includes a number of
modules used in the implementation of the systems and methods
described herein. The various modules within the computing system 100
inciude executable program code thal may be executed separately. In this
example, the various modules may be stored as separate computer

program products. In ancther example, the various modules within the
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computing system 100 may be combined within a number of computer
program products; each computer program product may include a number
of the modules.

[0027] The computing system 100 may include a compute engine
111 1o, when executed by the processor 101, assist in the funclionality of
the crossbar array 110. The compute engine 111 may, for example, assist
in the crossbar array 110 functioning as a DPE by receiving a number of
input values defining a matrix {o be processed in a dot product
mathematical computation. The compute engine 111 may send the input
values to the crossbar array 110 as programming signails to a number of
memory elements (8.¢., memristors) within the crossbar array 110
program the memristors. The compute engine 111 also may receive an
input vector to be processead in connection with the matrix programmed
into the memristors. The compute engine 111 may further obtain a value
representing the dot product, and convey that value as data to the
computing system 100 or ancther computing device for analysis or further
processing.

[0028] Figure 2 illustrates a diagram of an example of a crossbar
array for improved computational accuracy in a crossbar array according
to the present disclosure. The crossbar array 210 illustrated in Figure 2
may be implemenied with various types of memory elements and/or be
used for various computational purposes within the scope of the present
disclosure. For example, the crossbar array 210 may be a DPE array with
memristor memory elements in the computing system 100 shown in
Figure 1. The memiistive crossbar array 210 may include a number of
electrically conductive row wires 215 and a number of electrically
conductive column iwires 217. Even though three row wires 215 and four
column wires 217 are depicted in Figure 2, any number of row wires 215
and column wires 217 may be present in the crossbar array 210. The row
wires 215 and column wires 217 intersect at junctions as indicated by the
dashed line 219. A number of memory elements 216 {e.g., resistive
memory devices or “memrisiors™) are individually iocated at each of the
junctions 219 and electrically couple the row wires 215 to the column
wires 217.
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18029] “‘Memristance” is a property of the slectronic component
referred {0 as a memristor. A memristor is & resistor device whose
resistance can be changed. For example, if charge flows in one direction
through a circuit, the resistance of a memristor component of the circuit
may increase. In contrast, if charge flows in the opposite direction in the
circuit, the resistance of the memristor component may decrease. [fthe
flow of charge is stopped by tumning off the applied voliage, the memristor
component will “remember” the last resistance that it had, and when the
flow of charge starts again the resistance of the circuit will be what it was
when it was last active.

(60307 Conductance channels (e.g., filaments) in the memristors
216 may be formad in each of the memristors 218 and the memristors 216
may be individually addressed as bits. A crossbar 210 is an array of
swilches that connect each wire in one set of parallel row wires 215 1o
every member of a second set of parallel column wires 217 that intersects
the first set 215 at junctions 219. In the example of Figure 2, the row
wires 215 and the column wires 217 are perpendicuiar with respect {o
each other, but the row wires 215 and the column wires 217 may intersect
at any angle.

[0031] The memristors 216 may be formed at the micro- or
nanoscaie and may be used as memory element components in a wide
variety of electronic circuits, such as, bases for memory and/or logic
circuits and arrays. VWhen used as memory, the mamyristors 216 may be
used to store a bit of information {e.g., 1 or 0 in binary). Whenusedas a
fogic circuit, the memristors 216 may be employed o represent bits in a
fisld programmable gale array as the basis for a wired-logic
programmabile logic array, or, as described herein, as a DPE. The
memristors 216 disclosed herein may also find use in a wide variety of
other applications. The memristors 216 may be fabricated through any
suitable fabrication process, for example, by chemical vapor deposition,
sputtering, etching, lithography, and/or other suitable methods of
fabricating memrisiors.

[06032] The memristive crossbar array 210 shown in Figure 2 further

Hlustrates a number of input values 214 indicated, for example, as V1, V2,
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and V3. The input values 214 may be program signals used to change
the resistance values at each individual memristor 216 at each junction
219 in the crossbar array 1o create a representation (e.g., a mapping) of a
mathematic matrix in which each value (e.g., a data value representing a
digit} at each junction represents a value within the matrix. The change in
resistance among the individual memristors 216 is an analog change from
a low-10-high vaiue or a high-to-low value. The change in the resistance
vale may correspond to an inverse of a change of a conductance value.

In this manner, the memristors are “memory resistors” in that they
‘remember” the last resistance that they had.

[06033] The input values 214 may also be read signals used to read
the resistance values at each individual memyristor 216 at each junction
218 in the crossbar array 210, and/or as an input vector values o be
muiiiplied by a stored matrix value al each memrisior 216 invoived in the
calculation. The read signals referred to herein as a vector signals may
be applied as second input values 214 1o the row wires 215 of the
memristive crossbar array 210. The input vector signais may represent a
vector to be mulliplied in the memristors 216 of the matrix. For exampie,
the vector signals have a relatively lower voltage value than the first
voltages used 1o program the memristors 216 such that the voltage level
applied by the vecior signals does not change the resistance values of the
memristors 218 as programmed by the first voltages. The vector signals
may act as read signals in this manner by not changing the resistance
values of the memristors 218, An initial signal may, for example, be
applied to the memristors 216 before application of the program signals
and the vector signals in order to set the resistivity (conductivity} of the
memristors 216 to a known vaiue.

[0034] The vector signals may interact with the memristors 216 at
their respective junctions 219, and the resulling current may be collected

at the end 218 of each column wire 217. The sum current of each column
wire 217 is represented by Z vign z vign, z vign , and Z vigia, A%

indicated in Figure 2, where gs4 are the memristor 216 conductance

values. The sums obtained from the voltage values represent the valuss
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of a column vector. The sums of each column wire 217 may also be
collectively summed by being sent through a collection line 328 to obtain a
single value of 3,70, fouti, as shown at 329 in Figure 3. A plurality of Vout
and/or lout signal values may be converted to the summed single value of
o louti by a compute engine. Such a compute engine, as shown at and
described in connection with 111 in Figure 1 and elsewhere, may
contribute o the improved computational accuracy in a crossbar array as
described herein.
[0035] Figure 3 illustrates a circuit diagram of an example of a
crossbhar array for improved computational accuracy in a crossbar array
according to the present disclosure. The circuit diagram shown in Figure
3 illustrates a DPE memyuistive array 320, which may be fabricated as
described in connection with the crossbar array 210 of Figure 2. For
example, the circuit diagram shows the DPE memristive array 320 o be a
differential mode DPE memristive array. Although the differential mode
DPE memristive array 320 of Figure 3 is illusirated as having a circuit
fayout as depicted, any number of circuit layouts may be used {o achieve
the functionalities of the present disclosure.
[0038] The differential mode DPE memristive array 320 as depicied
in Figure 3 includes the row wires 315, the column wires 317, and the
memristors 316 as described in connection with Figure 2. As previously
staied, any number of row wires 315 and column wires 317 may be
included within the differential mode DPE memristive array 320 as
indicated by the ellipses 321, 322. For example, the number of row wires
315 and column wires 317 included within the differential mode DPE
memristive array 320 may be equal or greater than the size of the matrix
of the dot product to be calculated using the systems and methods
describad herein.
[8037] The differential mode DPE memristive array 320 may further
include a number of differential input circuits such as, for example, input
amplifiers 325-1, 325-2, . . ., 325-N at the input terminals of the row wires
315. The input amplifiers 325 are designed to be differential amplifiers in

order to make the DPE memyistive array a differential mode DPE



WO 2017/105460 PCT/US2015/066371
12

memristive array 320, Although input amplifiers 325 are depicted in
Figure 3, any type of differential input circuit may be used. The input
ampilifiers 325 shown are designed with negative feedback ihal subtracis
a fraction of the output of the input amplifiers 328 from the input in order to
improve gain stability, linearily, frequency response, and siep response,
and/or to reduce sensitivity to parameter variations due to manufacturing
or the environment.

16038] Input voltages (Ving, Ving, . . ., Ving) and reference vollages
(Vrefq, Vrefz, . . ., Vrefy) may be applied through separate input lines 324-
1, 324-2, ..., 324-N to the input amplifiers 325-1, 325-2, ..., 325-Nto
obtain a dot product value. However, the crosshar arrays described
herein as DPEs are not limited 1o being a differential mode DPE
memristive array 320. For example, a DPE may be fabricated without the
separate input lines 324 and/or the input amplifiers 325 such that input
voltages can be directly input to the row wires 315,

18039] For each output vollage of a DPE memristive array, the
1
following relationship may exist Vow = - sz Vinix YL where Vout may

correspond to Vouly, Voul,, . . ., Voul, shown at 326-1, 326-2, ... 326-M
in Figure 3, Vi may correspond to Vim, Ving, . . ., Vi, Rfmay be the
input amplifier 325 feedback resistance and R; may be the memrisior 316
muiiilevel analog resistance predefined before calculation of a dot product.
(00407 Output voltages Vouty, Vouly, . . ., Vouty shown at 326-1,
326-2, ... 326-M, respectively, may, for example, be amplified by
corresponding output amplifiers 327 to obtain a dot product value. The
output voltage sums of each column wire 317 may be converted {o current
and, for example, sent through the collection line 328 o obtain the single
current value of 310, Touti shown at 328.

[0041] Memristors 316 are analog devices that may have
nonlinearity in current cutput. For example, such nonlinearity may occur
at large signal voltages. Memristiors 316 may have betlter linearity when
operating with smalier voltage signals. For exampile, operating a
memristor 316 in the region of [0V, 1V] may result in greater cutput

nonlinearity as compared {0 operating the memiisior 316 in the [-1/2V,
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172V} region. Such nonlinearity at large voltage levels may be
compensated for by operaling in a particular lower voliage range, for
exampie.

[0042] In confrast, crossbhar array structures may have other causes
of veltage and/or current output nenlinearity, for example, as measured
across a sequence of rows and/or a seguence of columns of the array, for
which compensation may not be accomplished just by adjusting a voltage
operating range. Such causes of output nonlinearity for crossbar arrays
may include increasing wire resistance that, for example, may correlate
with distance of a column from an input signal in a row, resistance for
signal input and/or ocutput, inherent device nonlinearity, thermal effects,
noise, and/or other parasitics, which may reduce computational accuracy
relative to target (ideal) results if the crossbar array is operatedin a
‘naive” way.

[0043] As used herein, the naive way is intended to mean linearly
mapping the matrix W io be used in the vector-matrix multiplication {o
conductance G of an ideal crossbar (e.q., not taking into account the
causes of output nonlinearity just presentad) to result in lout = Vin' G,
where Vin' is the transpose of the input voltage Vin. However, real
current output may be different because of one or more of the causes of
output nonlinearity just presented. To reduce the effecis of these and
ather causes of output nonlinearity on computational accuracy, the
present disclosure describes adjusting the actual conductance of memory
elements {e.g., memristors) to have conductance closer to the ideal
conductance of the memory elements in an ideal crossbar array in order to
at least partially restore output linearity.

[0044] Figure 4 illustrates a diagram of an example of nonlinearity
of output of an aclual crossbar array compared o an ideal crossbar array
according o the present disclosure. A graph 432 in Figure 4 illustrates a
progressive decrease of actual current cutput 433 (in amperes {out)) from
an actual crossbar array, 1o which a corresponding progressive decrease
in voltage output (Vout) may contribute. The progressive decrease of the
actual current output 433 is shown to be related to a distance of a column

wire (represented on the horizontal axis as a column number) from input
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of a signal 1o an intersecting row. Respective distances may be of the
column wires 317 shown in Figure 3, from a position of input, for example,
from an input line 324 and/or an input amplifier 325, of input voliage Vin of
an input vector to a row, for example, row wire 315.

12045] Forexample, whenaVinof0bvolis (Vyisinpuito a
particutar row wire, an actual lout of around 0.4 x 10° amperes (A) may be
measured for a column wire near columnsg 1-10 and an actual lout of
around 0.2 x 10 A may be measured for a column wire near columns
245-256. The decrease in actual lout for column wires between the two
ends of the row wire may be nonlinear, for example, by curving between
columns 1-256. As fllustrated in Figure 4, the actual current output 433
shows a concave curve between columns 1-256, although a convex cuive
or various combinations of convex and/or concave curves may contribute
o the nonlinearity. The progressive decrease of the actual lout in the
crossbar array may be contributed {o by a number of the causes described
herein, including increasing wire resistance that correlates with the
distance of the column from the Vin o the row.

[0046] A conductance of memory elements (8.g., memristors) at a
plurality of junclions of the actual crossbar array may be determined, for
example, by a determine engine. Measurements of the progressive
decrease of the aclual lout corresponding to a number of rows and
columns in the actual crossbar array may contribute to determination of
the conductance of the memory elements at the junctions thereof. In
some examples, actual conductance of some or all of the memory
elements in the actual crossbhar array may be directly or indirectly
measured. Alternatively or in addition, a number of models of signal
output variation in crossbhar arrays may be used in determination of the
conductance of the memory elements (e.g., in a simuiated crossbar array
and/or as applied to the actual crossbar array). The number of models
may fake into consideration with regard 1o determination of the
conductance, for example, nonlinearity of wire resistance dependent upon
distance from an input source in the crossbar array and/or other causes of
signal ocutput nonlinearity, input and/or cutput resistance, thermal effects,

noise, and/or parasitics, eic.
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1804717 By comparison, a range of ideal lout values may be
calculated, for example by a calculale engine, as described herein, fora
simulated ideal crossbar array. The calculations of the ideal current
output 434 may be performed by not taking into account the causes of lout
nonlinearity described herein. To contribute {o calculation of the ideal
current output 434, the ideal conduciance of the memory elements (e.g.,
memristors) at a plurality of junctions of the crossbar array may be
calculated. As such, when a Vin of 0.5 V is simulated as being inputto a
particular row wire, an ideal lout of, for example, around 0.8 x 10° A may
be calcuiated for the column wires throughout the sequence of columns 1-
256.

12048] The larger variability of ideal lout for adjacent columns in the
simulated ideal crossbar array, relative to the variability of the actual lout
for the same columns in the actual crossbar array, is not necessarily
present in the calculations for the simulated ideal crossbar array.
However, the larger variability may, for example, result from a
randomness variable in the calculation of the ideal lout that provides the
targer variability based on the larger lower amperage of the ideal lout, for
example, relative 1o the amperage of the actual lout.

[0049] The range of values for the ideal lout sequence of the ideal
crossbar array is rejatively stable and may not show a notable upward or
downward slope, thereby heing suitable for linear mapping. In contrast,
the range of values for the actual lout sequence of the actual crossbar
array may not be suitable for linear mapping because, for example, of a
progressive downward slope of the actual lout for the sequence of
columns 1-256, which may be combined with various amounts of
curvature.

[0050] Accordingly, as described herein, based at least partially on
determination of conductance of the memory elements of the actual
crossbar array, actual conductance of at least one memory slement may
he adjusied to improve computational accuracy by reduction of a
difference between the ideal conduciance and the determined
conductance of the at least one memory element. In some examples, the

actual conductance of a selected memory element (e.g., a memristor) may
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be adjusted by application of a voltage value determined o adjust the
conductance of the memory element to an intended level. In some
examples, the actual conductance of a selected memory element may be
adjusted by application of a sequence of voltage pulses 1o adjust the
conductance of the memory element to the intended level. Control of how
many voltage pulses to apply and/or monitoring when the intended level of
conductance of the memory element has been reached may be
performed, for example, using closed-lonp voltage pulse tuning of the
memory elements. In some examples, the closed-loop vollage pulse
tuning may be conirelled by a proporiional-integral-derivative controller.
[o051] Figure 5 illustrates a flow chart of an example process for
improved compuitational accuracy in a crossbar array according to the
present disclosure. For clarity the process is illustrated as being
separated into three portions, namely, determining 541, crossbar (xbar)
programming 583, and computing 570. However, the process may be
implementad as a single portion {&.¢., a single sequence of functions) or
any number of portions that may correspond o, for example, the number
of engines and/or modules described herein or otherwise.

12052] The process may begin 540 in the determining portion 541
with, in some examples, input of the matrix values 542 to determined (e.q.,
predetermined) memaory elements of the xbar array. in some examples,
the process may begin 540 without matrix valuss being input to memory
glements of the xbar array. The process may preceed 10 a determination
543 of whether matrix data values have been stored by the memory
elements of the xbar array.

12053) When a determination is made that the matrix values 542
have been input to the xbar array (matrix), the xbar matrix may notbe in a
state suitable for performance of subsequent functions shown in the
determining portion 541 and/or the xbar programming portion 563 of the
process. As such, the process may skip the subsequent determining
portion 541 and/or the xbar programming portion 563 o proceed {o the
computing portion 570, as described further herein.

[0054] In contrast, when a determination is made that no matrix

values have been input to the xbar mairix, the xbar malrix may be
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determined 1o be in a state suitable for performance of subsequent
functions shown in the determining portion 541 and/or the xbar
programming portion 583 of the process. As such, the configuration of the
actual xbar matrix may be mapped to determine a corresponding
configuration for an ideal (8.g., simulated} xbar matrix 544 for use in
determining ideal conductance of memory elements at junctions in the
ideal xbar matrix corresponding to the memory elemenis in the actual xbar
matrix.

10055] A behavior of the idea! xbar malrix may be determined 558.
The ideal conduciance of the memory elements of the ideal xbar matrix
may be at least part of the behavior that is determined. To contribute to
determination of the ideal conductance of the memory slements, a
predetermined input pattern 557 may be used. The predetermined input
patiern 557 may, for example, include a selection of memory elements at
particular positions in the xbar matrix to be used in determination of
adjustment (2.g., calibration) of the conductance in the aciual xbar matrix.
I some examples, the predetermined input pattern 557 may include
particular input voltages (o simulate setling the conductance of the
memory glements of the ideal xbar maliix 10 a particular level. For
example, a simulated input vector pattern may be used to delermine {e.g.,
calculate) the ideal conductance of memory elements at the plurality of
junctions of the crossbar array corresponding to the input vector pattern.
The predetermined input pattern 557 may be set {¢r mapped) 558 o the
ideal xbar matrix as calibration signals.

[0056] An sffective calibration signal may be an input signal (e.g.,
Viny of, for example, an input vector that may later be input for
computation by a DPE. However, a particular input signal that would be
input in the future may be unknown at the time of calibration, although the
the predetermined input pattern 557 of input signals to be input in the
future may be known at the time of calibration. As such, the DPE, for
example, may be calibrated with simulated input signal voltages in the
predetermined input pattern 557 that cover a range of expected actual
input signal voltages for input to memory elements at particular positions
in the xbar matrix.
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180571 input of a number of ideal crossbar parameters 555 may, in
some examples, be used in delermination (e.g., calculation) of the ideal
conductance of memory elements at the plurality of junctions of the ideal
crosshar array. In various examples, the number of ideal crossbar
parameters may include an ON state resistance of the ideal crossbar, an
OFF state resistance of the ideal crossbar, digital-to-analog converter
(DAC) setlings, and/or analog-to-digital converter (ADC) settings, among
gther possible parameters usable in determination of the ideal
conductance of the memory elements.

[Go58] in some examples, as described herein, a number of actual
xbar matrix parameters 559 may be input for use in determination of an
adjustment of the actual conductance of memory elements of the actual
*bar matrix 560 in order {o approximate the behavior of the ideal xbar
matrix. Such a simulation may be performed using a number of the actual
xbar matrix parameters 559. As described herein, the actual xbar matrix
parameters 558 may include a number of models of signal cutput variation
in crossbar arrays, including nonlinearity of wire resistance and/or other
causes of signal cutput nonlinearity, input and/or cutput resistance,
thermal effects, noise, and/or parasitics, efc. Allernatively or in addition, a
determination {e.q., measurement) of actual xbar matrix conductance 561
may be used in determination (g.g., calculation) of an adjustment of the
actual conductance of memory elements of the actual xbar matrix in order
to approximate the behavior of the ideal xbar matrix.

[0055] Following determination of a change (e.q., level of
adjustment) in a conductance value for each memory element to be
adjusted o approximate the behavior of the ideal xbar matrix, the process
may, in some examples, proceed o the xbar programming portion 563.
Within the xbar programming portion 583, in some examples, the
determined change in the conductance value may be executed by a
programmed change 584 in the conductance values for each of the
memory elements to be adjusted (calibrated). As described hergin, the
programmed change in conductance may be executed, in some

examples, by closed-loop voltage pulse tuning of the memory elements,
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among other possible implementations for adjusting the conductance by
application of determined voltage to the memory elements.

[G060] Following changing the conductance values for each of the
memory elements to be adjusted in the actual xbar matrix, the process
may, in some examples, proceed 1o the computing portion 570, Within the
computing portion 570, in these examples, an input signal {e.q., Vin) of, for
exampie, an input vector, may be input to the actual xbar matrix and a
number of output signals (e.g., Vout and/or lout) may be read from the
actual xbar matrix 567. An xbar oulput signal may be mapped 568 to
convert the ouiput signal value to oblain an cutput value. For example, an
analog Vout and/or lout signal value may be converted {0 a corresponding
digital data value, as mapped appropriately to the actual xbar matrix. In
some examples, the mapping and/or the conversion of a plurality of Vout
and/or tout signal values to, for example, the summed single value of

it Jouti may be performed by a compute engine (2.g., as shown at and
described in connection with 111 in Figure 1 and eisewhere).

[0061] The output signals and/or output values may, in some
examples, be compared o corresponding ideal output signals and/or
output values to determine whether the changes made {o the conductance
of the memory elements resulted in output from the actual xbar matrix
being brought close enough to the output of the ideal xbar matrix. If the
output from the actual xbar matrixis determined not to be close encugh io
the output of the ideal xbar mairix (e.q., either by operator and/or
programmed inspection), the process just described may be repeated.
10082] In situgtions where the matrix values have been determined
at 543 {o already have been input to the actual xbar matrix, the input
value/signal 565 (e.g., Vin) may be input directly to the computing portion
570 of the process. For example, the determining portion 541 and/or the
xbar programming portion 563 of the process may be skipped based on
the determination that the matrix values have already been input to the
actual xbar matrix because such a determination may indicate that
adjustment (calibration) of the conductance of the memory elements of the
actual xbar malrix has already been performed. As such, mapping

parameters 562 may be used {0 map 5866 the input value/signal 585, for
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example, an input veclor, io the actual xbar matrix. In varicus examples,
the mapping parameiers 562 may be determined from mapping the xbar
matrix to ideal xbar conductance at 544 and/or from already saved
mapping parameters of the actual xbar matrix.

12063] Following each occurrence of the oulput signals (e.g., Vout
and/or lout) being read 567, mapped 568, and/or converied to obtain an
output value, a determination 589 may be made as o whether a next
computation is to be performed. When a determination 569 is made that
there is a next computation to be performed, and ancther iteration of the
determining portion 541 and/or the xbar programming portion 583 are not
to be performed, a next input value/signal 565 {(e.g., an input vector) may
be input and mapped 568 to the actual xbar maltrix for performance of the
next computation. A determination that ancther iteration of the
determining portion 541 and/or the xbar programming portion 563 wili not
to he performed may be based, for example, upon a determination that the
previous adjustment of the conductance of the memory elements has
satisfactorily approximated the conductance of the ideal xbar matrix.
When a determination 569 is made that there is not a next computation {o
be performed, the process may end 571

[0064] Figure © illustrates a diagram of an example of improved
computational accuracy in a crossbar array with adjusted conductance of
memory elements according {o the present disclosure. Figure 6 shows a
graph 672 that illustrates comparative computational accuracy for cutputs
from crossbar arrays of various sizes that have been linearly mapped 673
without adjustment of memory cell conductance, as described herein, and
following adjustment {calibration) of the conduciance §74.

[0065] The size of the crossbar arrays shown in Figure 8 is
represented by the column number on the horizontal axis. For a square
crossbar array, the column number also may correspond to the row
number in the crossbar array, both of which may thus correspond o g
number of memory elements {e.g., memristors) at junclions of the column
wires and the row wires. As described herein, due {0 causes including

nonlinearity of increasing resistance, among other causes, the accuracy of
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output of g crossbar array may progressively decrease corresponding fo
an increase in the size of the crosshar array.

[CO68] For example, Figure 8 shows determinations of bit-accuracy
for crossbar arrays ranging from 2 rows x 2 columns (2x2) to 256 rows x
256 columns (256x258). By way of example, the bit-accuracy scale
shown on the vertical axis is for vector-matrix multiplication done by a
DPE. The particular values of 0.00 through 8.00 on the vertical axis
represent values for N. An N bit-accuracy may represent 2N
distinguishable levels in a range of signals, where a higher number of
distinguishable leveis corresponds to a higher accuracy in signai ouiput
from the crossbar array.

120867] Accordingly, the resulls for a linear mapped crossbar array
8673, in which the conductance of the memristors has not been adjusted,
show a bit-accuracy of jess than 2.00 for a 2x2 crossbar array. The bit-
accuracy progressively decreases nonlinearly as the size of the crossbar
array approaches 256x256.

[COs8] in contrast, the resuits for a crossbar array 874 in which the
conductance of the memyistors has been adjusted show a bit-accuracy of
greater than 6.00 for a 2x2 crossbar array. The bit-accuracy for the
crosshar array in which the conductance of the memristors has been
adjusted does not show a decrease as ihe size of the crossbar array
approaches 256x256. Hence, adjustiment of the conductance of memory
glements may be demonstrated 1o improve computational accuracy in g
crossbar array.

[0069] Figure 7 illusirates a diagram of an example of a system for
improved compuitational accuracy in a crossbar array according to the
present disclosure. The system 775 may include a combination of an
actual crossbar array 710 (e.q., as described in connection with Figures 1-
3, etc.}, and a number of engines 776 to enable execution of particular
tasks 777, 778, 778. The system 775 may be in communication with the
actual crossbar array 710 via a communication link, and may include the
number of engines {e.g., calculate engine 777, determine engine 778,

adjust engine 779, etc.). The system 775 may include additional or fewer
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engines than illusirated 1o perform the various tasks described herein. The
system 775 may represent programmed instructions and/or hardware.
[GO70] The number of engines may include a combination of
hardware and instructions (e.g., programming) to perform a number of
tasks described herein (e.g., 1o contribute to improvement of
computational accuracy by reduction of a difference between ideal
conductance and determined conductance of memory elements, efc.).
The instructions may be exacutable by a processing rescurce and stored
in a non-transifory memory resource (8.g., computer-readable medium
(CRM), machine-readable medium (MRM), etc.), or may be hard-wired in
hardware {e.g., logic).

12071} As described herein, the system 775 may include an actuagl
crosshar array 710 that includes a plurality of memory elements, where a
memory element may be located, for example, at each junction of the
crossbar array. The actual crossbar array 710 is usable in performance of
various types of computations. For example, the actual crossbar array
710 may be used as a DPE for vecior-matrix multiplication, among other
computations suitable for a crossbar array.

12072} The calculate engine 777 may include hardware and/or a
combination of hardware and instructions (e.g., programming) to calculate
ideal conductance of memory elements al a plurality of junctions of the
crossbar array. As described herein the ideal conductance of the memory
glements may be calculated using a simulated ideal crossbar array with at
least some of the causes of output voltage and/or current nonlinearity
described herein not included in the simulation of the ideal crossbar array.
12073) The determine engine 778 may include hardware and/or a
combination of hardware and instructions (e.g., programming) to
determine conductance of the memory elements at the plurality of
junctions of the actual crossbar array 710. The determine engine 778 may
determine the conductance of the memory elements using at least one of
the measurements of the progressive decrease of the actual lout
corresponding 1o a number of rows and columns in the actual crossbar
array, direct and/or indirect measurements of the conductance of the

memory elements at the junctions of the aclual crossbar array, and/or
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usage of a number of models of signal output variation in crossbar arrays,
as described herein.

[0074] The adjust engine 779 may include hardware and/or g
combination of hardware and instructions (e.g., programming) to adjust
conductance of at least one memory element o improve computational
accuracy by reduction of a difference between the ideal conductance and
the determined conductance of the at least one memory slement. The
conductance of the least one memory element may be adjusted, in varicus
examples, by application of one or more determined vollages {(e.g.,
pulses) to the least one memory element by the adjusi engine 778 o
adjust the conductance, as described herein. As such, in some examples,
the adjust engine 779 may include, or be associated with, hardware for
closed-loop voltage pulse tuning, for example. [n various examples, the at
least one memory element for which the conductance is adjusted may be
a resistive memaory element (e.g., & memyristor), a phase change memory
glement, a floating gate memory element, among other types of memory
elements implemented in the crossbar array as appropriate for particular
types of computations.

12075) In some examples, the system 775 may include a compuite
engine, for example, as shown at 111 in Figure 1. The compuie engine
may be used o perform a number of functions. For example, the compuie
engine may be used 1o input an input value to the actual crossbar array
710, map the input value o a determined memory element in the actual
crossbar array, direct the input value to the determined memory element,
where the input value affects conductance of the determined memory
glement (sither as a data input voltage value or as a determined voltage
value intended for adjustment of the conductance), read an output signal
from the determined memory element, and/or map the output signal as an
ocutput value relative to the input value. For the intended adjustment of the
conductance, for example, the input value may correspond to a magnitude
of an input voltage signal, the output value may correspond o &
magnitude of an cutput current signal, and the magnitude of the ouiput

current signal may be affected by the adjustment (determinad change) of
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the conductance of the determined memory element 10 a level
corresponding to the magnitude of the input voltage signal.

[G078] As described herein, the adjustment of the conductance of
the determined memory element by the determined voltage may improve
computational accuracy by the oulput value being shifled closer to an
ideal ouiput calculated by the calculate engine 777. In some examples,
the conductance of a plurality of memory elements (e.g., some or all of the
memory elements in the actual crossbar array 710) may be adjusted to
shift the output value closer to an ideal culput for each of the memory
elements calculated by the calculate engine 777.

[0077] Figure 8 illusirates a diagram of an example computing
device for improved computational accuracy in a crosshar array according
to the present disclosure. The computing device 830 may utilize
programmed instructions, hardware, hardware with instructions, and/or
logic to perform a number of tasks described herein. The computing
device 880 may include additional or fewer modules than illusirated to
execute the various tasks described herein.

[0078] The computing device 880 may be any combination of
hardware and program instructions {o share information. The hardware,
for example, may include a processing resource 881 and/or a memory
resource 883 (e.qg., CRM, MRM, database, eic.) The processing resource
881, as used herein, may include any number of processors capable of
executing instructions stored by the memory resource 883. The
processing resource 881 may be integrated in a singie device or
distributed across multiple devices. The program instructions (e.g.,
computer-readable instructions (CRY), machine-readable instructions
(MR, etc)) may include instructions stored on the memory resource 383
and executable by the processing resource 881 to implement a desired
task (e.q., calculate ideal conductance of memory elements at a plurality
of junctions of g crossbar array, efc.}.

[0079] The memory resource 883 may be in communication with
the processing resource 881. The memory resource 883, as used herein,
may include any number of mamory components capable of storing

instructions that may be execuied by the processing resource 881. Such
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a memory resource 883 may be a non-fransitory CRM or MRM. The
memory resource 883 may be integrated in a single device or distributed
across muliiple devices. Further, the memory resource 883 may be fully
or partially integrated in the same device as the processing rescurce 881
or it may be separale but accessible to that device and processing
resource 881. Thus, the computing device 8280 may be implemented on a
participant device, on a server device, on a collection of server devices,
and/or on a combination of the user device and the server device.

180807 The memory resource 883 may be in communication with
the processing resource 881 via a communication link (e.q., path) 8382.
The communication link 882 may be local or remote to a machine (e.g., 2
computing device) associated with the processing resource 881,
Exampies of a local communication Hink 882 may include an electronic bus
internal to a machine (&.¢g., a compuling device) where the memory
resgurce 883 is one of volatile, non-volatile, fixed, and/or removable
storage medium in communication with the processing resource 881 via
the electronic bus.

[o081] A number of modules 884, 885, 886 may include MR that
when executed by the processing resource 881 may perform a number of
tasks. The number of modules 884, 885, 888 may be sub-modules of
other modules. For example, the calcuiate moduie 884 and the determine
module 885 may be sub-modules and/or contained within the same
computing device. in another example, the number of modules 884, 885,
838 may comprise individual modules at separate and distinct locations
(2.g., CRM, MRM, efc.).

120821 Each of the number of modules 884, 885, 888 may include
instructions that when execuied by the processing resource 552 may
function as a corresponding engine, as described herein. For example,
calculate module 884 may include instructions that when executed by the
processing resource 881 may function as the calculate engine 777. In
another example, the adjust module 886 may include instructions that
when execuied by the processing resource 881 may function as the adjust

engine 779.
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10083] The calculate module 884 may include MR that when
executed by the processing resource 831 may perform a number of tasks.
For example, the calculate module 884 may calcuiate ideal conduciance
of memory elemants at a plurality of junctions of a crossbar array, as
described in connection with the calculate engine 777. The calculate
module 884 may include further MRI that when executed by the
processing rescurce 881 may perform input of an input vector pattern to
calculate the ideal conductance of memory elements at the plurality of
junctions of the crossbar array corresponding to the input vector pattern,
as described in connection with 556, 557, 558 in Figure 5. The calculate
module 884 may include further MRI that when executed by the
processing resource 881 may perform input of 2 number of ideal crossbar
parameters to calculate the ideal conductance of memory elements at the
plurality of jJunclions of the crossbar array, as described in connection with
855, 556 in Figure 5.

100847 The determine module 885 may include MR that when
executed by the processing resource 881 may perform a number of tasks.
For example, the determine module 885 may be used to determine aciual
conductance of the memory elements at the plurality of junclions of the
actual crossbar array, as described in conneclion with the determine
engine 778. The determine moduie 885 may include further MR that
when exacuted by the processing resource 881 may perform input of a
number of actual crossbar parameters o determine the adjustment of the
actual conductance, as described in connaction with 558, 580 in Figure 5.
The input of the number of actual crossbar parameters may, for example,
include a number of modsls of signal oculput variation in crossbar arrays,
among other possible actual crossbar paramelers.

[0085] The adjust module 886 may include MRI that when executed
by the processing resource 881 may perform a number of tasks. For
example, the adjust module 886 may be used to determine an adjustment
of the actual conductance of at least one memory element in the actual
crossbar array to approximate the ideai conductance of the at least one
memory element in the ideal crossbar array, as described in connection

with the adjust engine 779. The adjust module 886 may include further
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MR that when executed by the processing resource 881 may perform
programming of conductance of the at least one memory elemenito a
higher conductance {o improve computational accuracy by reduction of a
difference between the ideal conductance and the determined
conductance, as described in connection with 583, 564 in Figure 5.

[00886] Figure 9 illustrates a flow diagram of an example method for
improved computational accuracy in a crossbar array according io the
present disclosure. Unless explicitly stated, the method examples
described herein are not constrained to a particular order or seqguence.
Additionally, some of the described method examples, or elements
thereof, may be performed at the same, or substantially the same, point in
fime. As described herein, the actions, tasks, functions, calculations, data
manipulations and/or storage, elc., may be performed by execution of
non-transitory machine-readable insiructions siored in a number of
memories (2.g., programmed instructions, hardware with instructions,
hardware, and/or logic, etc) of a number of applications. As such, a
number of computing resources with a number of interfaces (e.g., user
interfaces) may be utilized for implementing the methods described herein
(2.g., via accessing a number of computing rescurces via the user
interfaces).

(0087 The present disclosure describes a method 990 for
calculating ideal conductance of memory elements at junctions of a
crossbar array, as shown at 891 in Figure 8. With regard to calculation of
the ideal conductance, the crossbar array may be a simulated (e.g., ideal)
crosshar array, for example, as described in connection with Figure 4. At
992, the method may include determining conductance of the memory
elements at the junctions of the crossbar array. With regard io
determining the conductance, the conductance may, in some examples,
be determined from an actual crossbar array using various fechnigues, for
example, as described in connection with Figure 4. At 883, the method
may include adjusting conductance of at least one memory element o
reduce a difference between the ideal conductance and the determined
conductance of the at least one memory element, for example, as

described in connection with 779 in Figure 7.
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10088] At 993, the method may include calibrating (adjusting) the
conductance of the crossbar 1o reduce nonlinearity of signal output for
improvement of computational accuracy, for exampile, as described in
connection with 563, 564 in Figure 5. In some examples, computational
accuracy of the actual crossbar array may be determined by how close to
being equal to an ideal current oulput, determined for a corresponding
ideal crossbar array, an actuai current output is after calibration of the
crossbar array. An improvement in computational accuracy may, in some
examples, be determined by how close {0 being equal {0 the ideal current
output the actual current oulput is relative to before the calibration.

[0089] As used herein, "a” or “a number of’ something may refer to
one or more such things. For example, “a number of widgels” may refer to
one or more widgets. Also, as used herein, “a plurality of’ something may
refer {0 more than one of such things.

[0080] As used herein, “logic” is an alternative or additional
processing resource to perform a particular action and/or function, etc.,
described herein, which includes hardware (e.q., various forms of
transistor logic, application specific infegrated circuils (ASICs), etc), as
opposed to computer executable instructions {e.¢., programmed
instructions, hardware with instructions, etc.) stored in memory and
execulable by a processor.

(0081} The figures herein follow a numbering convention in which
the first digit corresponds 1o the drawing figure number and the remaining
digits identify an element or component in the drawing. For example, 114
may reference element “14” in Figure 1, and a similar element may be
referenced as 214 in Figure 2. Elements shown in the various figures
herein may be capable of being added, exchanged, and/or eliminated so
as to provide a number of additional examples of the present disclosure.
In addition, the proportion and the relative scale of the elements provided
in the figures are intended 1o illustrate the examples of the present
disclosure, and should not be taken in a limiting sense.

[60382] in the presenti disclosure, reference is made to the
accompanying drawings that form a part hereof, and in which is shown by

way of illustration how a number of examples of the disclosure may be
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practiced. These examples are described in sufficient detail 1o enable
those of ordinary skill in the art to practice the examples of this disclosure,
and it is to be understood that other examples may be used and that
process, computational, slectrical, and/or structural changes may be made
without departing from the scope of the disclosure.

[0093] The specification examples provide & description of the
applications and use of the sysiem and method of the present disclosure.
Since many examples may be made without departing from the spirit and
scope of the system and method of the present disclosure, this
specification sets forth some of the many possible example configurations

and implementations.
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VWhat is claimed is:

1. A system, comprising:

a crosshar array, comprising a plurality of memory elements at junctions,
usable in performance of computations;

a calculate engine 1o calculate ideal conductance of memory elements ata
plurality of junclions of the crossbar array;

a determine engine to determine conductance of the memory elements at the
plurality of jJunctions of the crossbar array, and

an adjust engine o adjust conductance of at least one memory element o
improve computational accuracy by reduction of a difference between the ideal

conductance and the determinaed conductance of the al least one memory element.

2. The sysiem of claim 1, wherein the at least one memory element is a resistive

memory element.

3. The system of claim 1, wherein {0 adjust the conductance of the least one
memory element comprises application of a determined voltage to the least one

memory glement by the adjust engine o adjust the conductance.

5. The sysiem of claim 1, wherein the system further comprises a compute
engine to:

input an input value,

direct the input value {o the determined memory element, wherein the input
value affects conductance of the determined memaory element; and

read an ocutput signal from the determined memory element;

wherein an adjustment of conductance of the determined memory element
improves computational accuracy by the output value being shifted closer o an ideal

ocutput calculated by the calculate engine.

6. The system of claim 5, wherein:
the input value corresponds to a magniiude of an input voltage signai;

the output value corresponds o a magnitude of an output current signal, and
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the magnitude of the oulput current signal is affected by the adjustment of the

conductance of the determined memory element.

7. A non-transitory computer-readable medium storing instructions executable
by a processing resource to:

calculate ideal conductance of memory elements at a plurality of junctions of a
crosshar array,

determine actual conductance of the memory elements at the plurality of
junctions of the crossbar array;

determine an adjustment of the actual conductance of at leasi one memory
element to approximate the ideal conductance of the at least one memory element;
and

program conductance of the at ieast one memory element to a higher
conductance to improve computational accuracy by reduction of a difference

between the ideal conductance and the determined conductance.

8. The medium of claim 7, the instructions further executable to input an input
vector pattern to calculate the ideal conductance of memory elements at the plurality

of junctions of the cressbar array corresponding 1o the input vector pattern.

8. The medium of claim 7, the instructions further executable to input a number
of ideal crossbar parameters to calculate the ideal conductance of memory slements

at the plurality of junctions of the crosshar array.

10.  The medium of claim 9, wherein the number of ideal crossbar parameters
comprise ON state resistance of the ideal crossbar, OFF state resistance of the ideal
crosshar, digital-io-analog converter settings, and analog-to-digital converier

seftings.

11, The medium of claim 7, the instructions further executable 1o input 2 number
of actual crossbar parameters to determine the adjustment of the aciual

conductance.
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12. The medium of claim 9, wharein the number of actual crosshar parameters

comprise a number of models of signal output variation in crossbar arrays.

13. A method, comprising:

calculating ideal conductance of memory elements at junctions of a crossbar
array;

determining conduciance of the memory elements at the junctions of the
crossbar array,

adjusting conductance of at least one memory element 1o reduce a difference
between the ideal conductance and the determined conduciance of the at least one
memory element; and

calibrating the conductance of the crossbar o reduce nonlinearity of signal

output for improvement of computational accuracy.

14.  The method of claim 13, further comprising:
determining computational accuracy of he crossbar array by how close 10
being egual to an ideal current cutput, determined for a corresponding ideal crossbar

array, an actual current ouiput is after calibration of the crosshar array.

15. The method of claim 13, wherein calibrating the conductance of the crosshar

comprises performing closed-joop voltage pulse tuning of the memory slements.
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