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(57) Abstract: Examples herein relate to linear
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bar array programmed to calculate a linear
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ity of words lines, a plurality of bit lines, and a
memory cell coupled between each unique
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where the memory cells are programmed ac-
cording to a linear transformation matrix. The

plurality of word lines are to receive an input
vector, and the plurality of bit lines are to out-

put an output vector representing a linear trans-
formation of the input vector.
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LINEAR TRANSFORMATION ACCELERATORS

STATEMENT OF GOVERNMENT INTEREST
[0001]  This invention has been made with government support under Contract 2014-
14080800008 award by the IARPA Dot Product Engine Project. The government has certain

rights in the invention.

BACKGROUND

(00027 Memristors are devices that can be programmed to different resistive states by
applying a programming energy, such as a voltage. Large crossbar arrays of memory
devices with memristors can be used in a variety of applications, including memory,
programmable logic, signal processing control systems, pattern recognition, and other
applications.

[00031  Linear transformations are a category of functions applied in several computer
operations. Lingar maps can be represented by mairices, and examples include rotation

and reflection linear transformations.

BriEF DESCRIPTION OF THE DRAWINGS

(0004}  The following detailed description references the drawings, wherein:
[G005]  FIG. 1 is a diagram of an example linear transformation accelerator,

[0006]  FIG. 2 is a diagram of a second example linear transformation accelerator having

muitiple crossbar arrays,
[00077  FIG. 3is a flowchart of an example method for calculating a linear transformation;
[0008]  FlG. 4Ais a schematic diagram of an example linear transformation operation;

[0009] FlG. 4B is a schematic diagram of an example transpose linear transformation of
the operation of FIG. 44,
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[0010] FIG. 5 is a schematic diagram of an example iterative linear transformation

operation,
[0011]  FIG. 8 is a schemalic diagram of an example chain linear transformation; and

[0012]  FIG. 7 is a schematic diagram of an example partition linear transformation.
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DeETARLED DESCRIPTION
(00131 Linear transformations are mathematical functions used in varicus computer
applications, including in data, image, sound, and video processing. in many circumstances,
a linear transformation may be represented as a vecior-matrix transformation operation,
where a vector of values is multiplied by a linear transformation matrix {0 produce a second
vector of values. However, linear transformations may be very computation-intensive, and

may be 100 resource-hungry to be optimally implemented with a general processor.

[0014] Memristors are devices that may be used as components in a wide range of
glectronic circuits, such as memories, swiiches, radio frequency circuits, and logic circuits
and systems. In a memory structure, a crossbar array of memaory devices having memristors
may be used. When used as a basis for memory devices, memrisiors may be used {0 store
bits of information, 1 or 0. The resistance of a mamristor may be changed by applying an
glectrical stimulus, such as a voltage or a current, through the memristor. Generally, at least
one channel may be formed that is capable of being switched between two states—one in
which the channel forms an electrically conductive path (fory”) and one in which the channel
forms a less conductive path ("off’). In some other cases, conductive paths represent “off’

and less conductive paths represent "on’.

[0015]  In some applications, @ memory crossbar array can be used to perform vector-
matrix computations. For example, an input voltage signal from each word line of the
crossbar is weighted by the conductance of the resistive devices in each bit line and
accumulated as the current output from each bit line. Ideally, if wire resistances can be
ignored, the current, | flowing out of the crossbar array will be approximately 1T = VTG, where
Y is the input voltage and G is the conductance matrix, including contributions from each
memristor in the crossbar array. The use of memristors at junctions or cross-point of the

crossbar array enables programming the resistance (or conductance) at each such junction.

[0016]  Examples disclosed herein provide for hardware implementation of linear
fransformation accelerators. Example linear transformation accelerators may include a
crossbar array programmed to calculate a linear transformation. Memory cells of the
crossbar array may be programmed according to a linear transformation matrix. Driving

electrical signais mapped from an input vector through the crossbar array may produce an
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output vector representing a linear transformation of the input vector. In this manner, linear
transformation accelerators herein provide for hardware calculations of linear transformation

operations.

[0017]  Referring now to the drawings, FIG. 1 lllustrates an example linear transformation
accelerator 100. Linear transformation accelerator 100 may be a hardware unit that
calculates a linear transformation operation. Linear transformation accelerator 100 may
calculate a linear transformation of an input vector in relation o a linear transformation
matrix. Linear transformation accelerator 100 may do s0 by calculating a vector-matrix

muitiplication of the input vector with the linear transformation matrix.

[0018]  Linear transformation accelerator 100 may be implemented as a crossbar array
102. Crossbar array 102 may be a configuration of parallel and perpendicular lines with
memory cells coupled between lines at intersections. Crossbar array 102 may include a
plurality of word lines 104, a plurality of bit lines 106, and a plurality of memory cells 108. A
memory cell 108 may be coupled between each unigue combination of one word line 104
and one bit line 108. In other words, no memaory cell 108 shares both a word ine and a bit

line.

(001917 Word lines 104 may be electrodes that carry current through crossbar array 100,
in some examples, word lines 104 may be parallel o each other, generally with equal
spacing. Word lines 104 may sometimes be, for example, a top or row elecirode. Similarly,
bit lines 106 may be electrodes that run nonparallel to word lines 104, Bit lines 106 may
sometimes be, for example, a bottom or column electrode. Word lines 104 and bit lines 106
may serve as electrodes that deliver voltage and current {0 the memory celis 108. Example
materials for word lines 104 and bit lines 106 may include conducting materials such as Pt
Ta, Hf, Zr, Al Co, Ni, Fe, Nb, Mo, W, Cu, Ti, TiN, TaN, TazN, WNz, NbN, MoN, TiSiz, TiSi,
TisSis, TaSiz, WSiz, NbSiz, Va3i, electrically doped polycrystalline Si, electrically doped
polycrystalline Ge, and combinations thereof. In the example of FIG. 1, crossbar array 102

may have N word lines and M bit lines.

(002017  Memory cells 108 may be coupled between world lines 104 and bit lines 106 at
intersections of the word lines 104 and bit lines 106. For example, memory celis 108 may

be positionad {0 calculate a linear transformation of an input vector with respect to a linear
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transformation matrix. £Each memoaory cell 108 may have a memory device such as a resistive

memory element, a capacitive memory element, or some other form of memory.

(00211  In some examples, each memaory cell 108 may include a resistive memory
glement. A resistive memory element may have a resistance that changes with an applied
voltage or current. Furthermore, in some examples, the resistive memory element may
‘memarize’” its last resistance. In this manner, each resistive memory element may be set
to at least two states. In many examples, a resistive memory element may be set to multiple
resistance states, which may facilitate various analog operations. The resistive memory
glement may accomplish these properties by having a memristor, which may be a two-

terminal electrical component that provides memristive properties as described herein.

[00221  In some examples, a memyristor may be nitride-based, meaning that at least a
portion of the memristor is formed from a nitride-containing composition. A memristor may
also be oxide-based, meaning that at least a portion of the mermristor is formed from an
oxide-containing material. Furthermore, a memristor may be oxy-nitride based, meaning
that at least a portion of the memristor is formed from an oxide-containing material and that
at least a portion of the memristor is formed from a nitride-containing material. Example
materials of memristors may include tantalum oxide, hafnium oxide, titanium oxide,
yitrium oxide, niobium oxide, zirconium oxide, or other like oxides, or non-transition metal
oxides, such as aluminum oxide, calcium oxide, magnesium oxide, dysprosium oxide,
lanthanum oxide, silicon dioxide, or other like oxides. Further examples include nitrides,
such as aluminum nitride, gallium nitride, tantalum nitride, silicon nitride, and oxyniirides
such as silicon oxynitride. In addition, other funclioning memristors may be employed in the

practice of the teachings herein.

(002317 A memristor may exhibit noniinear or linear current-voltage behavior. Nonlinear
may describe a function that grows differently than a linear function. In some
implementations, a memristor may be linear or nonlingar in voltage ranges of inferest. A
voltage range of interest may be, for example, a range of vollages used in the operation of

linear transformation accelerator 100.

[0024] In some examples, memory cell 108 may include other components, such as

access transistors or selectors. For example, each memaory cell 108 may be coupled to an
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access selector between the intersections of a word line 104 and a bit line 106. Access
selectors may Tacilitate the targeting of individual or groups of memory cells 108 for the

purposes of reading or writing the memory cells.

(002517  Aliernatively, a selector may be an electrical device that may be used in memristor
devices {0 provide desirable electrical properties. For example, a selector may be a 2-
terminal device or circuit element that admits a current that depends on the voliage applied
across the terminals. A selector may be coupled to each memaory cell 108 to facilitate the
targeting of individual or groups of memary cells 108. For example, a selector may do so by

acting like an on-off switch, and it may mitigate sneak current disturbance.

(002617  The memory cells 108 of crossbar array 102 may be programmed according to a
inear transformation matrix. The linear transformation matrix may represent any linear
transformation operation, including bui not limited to discrete Fourier transformation,
discrete cosine transformation, rotation transformation, reflection transformation, scaling
fransformation, affine transformation, weight matrices, and convolution. The value stored in
the memory cells 108 may represent the valuss of the linear transformation matrix. In
implementations of resistive memory, the resistance levels of each memory cell 102 may
represent a value of the matrix. In such a manner, the linear transformation matrix may be

mapped onto crossbar array 102,

(00277  Memory celis 108 may be programmed, for example, by having programming
signals driven through them, which drives a change in the state of the memory cells 108,
The programming signals may define a number of values to be applied to the memory cells.
As described herein, the values of memory cells 108 of crossbar array 102 may represent
a linear transformation matrix. For example, the linear transformation operation that linear
fransformation accelerator 100 may calculate may be useful for various data handling

procedures, including processing of images, sounds, and videos.

100281  Continuing to refer to FIG. 1, linear transformation accelerator 100 may receive
an input vector at the plurality of word lines 104, The input vector may be converted to input
electrical signals 110 by a drive circuit, which is described in further detail with relation to
FIG. 2. The input electrical signais 110 may be, for example, an electrical current driven to

the memory celis 108. However, the input electrical signals 110 may be, for example,
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voltage, an energy, or other form of electrical stimulus. Upon passing through the crossbar
array 102, the plurality of bit lines 108 may deliver output electrical signails 114, where the
cutput electrical signals 114 may be mapped (o an oufput vector that represents a linear
fransformation of the input vector. Furthermore, linear transformation accelerator 100 may
also include read circuitry 116 for converting the output electrical signals 114, which may be
analog values, to the output vector, which may have digital values. In an example of the
principles described herein, read circuitry 116 may include an operational ampiifier 118 and

a resistor 120, which can be arranged o represent a virtual ground for read operations.

(00297  Linear transformation accelerator 100 may also include other peripheral circuitry
associated with crossbar array 102, For example, an address decoder may be used o select
aword line 104 and activate a drive circuit corresponding fo the selected word line 104. The
drive circuit for a selected word ling 104 can drive a corresponding word line 104 with
different voltages corresponding o a linear transformation or the process of setling
resistance values within memory cells 108 of crossbar array 102, Similar drive and decode
circuitry may be included for bit lines 108, Control circuitry may also be used to control
application of voltages at the inputs and reading of voltages at the outputs of linear
transformation accelerator 100, Digital to analog circuitry and analog to digital circuitry may
be used for input electrical signals 110 and output electrical signals 114, In some exampiles,
the peripheral circuitry above describad can be fabricated using semiconductor processing

techniques in the same integrated structure or semiconductor die as crossbar array.

[00307  As described herein, there are two main operations that occur during operation of
the linear transformation accelerator 100, The first operation is to program the memory cells
108 in the crossbar array 102 so as to map the mathematic values in an MM matrix to the
array. In some examples, one memory cell 108 is programmed at a time during the
programming operation. The second operation (s the linear transformation calculation by
vector-matrix multiplication. In this operation, input voltages are applied and ouiput voltages
obtained, corresponding to the result of multiplying an AMxM matrix by an Mx 1 vector. In some
examples, the input voliages are below the programming voltages so the resistance values
of the memory cells 108, such as resistive memaory, are not changed during the linear

transformation calculation



WO 2017/142542 PCT/US2016/018567

8

[C031] In an example, linear transformation calculator 100 may calculate a linear
transformation by applying a set of voltages V' 110 simultaneously along word lines 104 of
the AMxM crossbar array 102 and collecting the currents through bit lines 106 and measuring
output voltage V© 114. On each bit line 108, every input voltage 110 is weighted by the
corresponding memyristance (1/Gy) and the weighted summation is reflected at the output
voltage 114. Using Ohm’s law, the relation between the input voltages 110 and ouiput
voltages 114 can be represented by a vector-matrix multiplication of the form: {VOIF = - /1T
[G] Rs, where Gy is an MxM matrix determined by the conductance (inverse of resistance)
of crossbar array 102, Rs is the resistance value of the sense amplifiers and T denotes the
transpose of the column vectors V¥ and V' The negative sign follows from use of a negative
feadback operational amplifier in the sense amplifiers. From the foregoing, i follows that the
inear transformation accelerator 100 can be utilized for multiplying a first vector of values
{bi}" by a matrix of values [aj] to obtain a second vector of values {¢}', where =1 N and

j=1,M. The vector operation can be set forth in more detail as follows.

a1ibt +axmby + .. +anbn =

aimbt + azbz + ...+ anvbn =

(00321 The vector processing or multiplication using the principles described herein
generally starts by mapping a matrix of values [ayg] onto crossbar array 102 or, stated
otherwise, programming — .¢., writing — conductance values Gy into the crossbar junctions

of the crossbar array 102.

(003317  With reference still to FIG. 1, in some examples, each of the conductance valuas
Gy is set by sequentially imposing a voltage drop over each of the memory cells 108. For
example, the conductance value Gz may be set by applying a voltage egual 10 Vrowz at the
2 word line 104 of crossbar array 102 and a voltage equal to Veon at the 3™ bit line 106 of
the array. The voltage input, Vrowz, may be applied to the 2™ word line at a location 130

oceurring at the 2™ word line adjacent the j=1 bit line. The voltage input, Veor, will be applied
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to the 3 bit line adjacent sither the i=1 or i=N location. Note that when applying a voltage
at a bit lineg 106, the sense circuitry 116 for that bit line may be swilched out and a voltage
driver switched in. The voltage difference Vrowz - Voo will generally determine the resulting
conductance value Gza based on the characteristics of the memory cell 108 located at the
intersection. When following this approach, the unselected bit lines 106 and word lines 104
may be addressed according to one of several schemes, including, for exampile, floating ali
unselected bit lines 106 and word lines 104 or grounding all unselacted bit lines and column
lines. Other schemes involve grounding bit lines 106 or grounding partial bit lines 106.
Grounding all unselected bit lines and word lines is beneficial in that the scheme helps to
isclate the unselected bit lines and word lines 1o minimize the sneak path currents to the
selected bit line 108, Following programming, operation of linear transformation accelerator

100 proceeds by applying the input voltages 110 and reading the output voltages 114.

[00341  In accordance examples herein, memristors used in memory celis 108 may have
linear current-voltage relation. Linear current-voltage relations permit higher accuracy in the
matrix multiplication process. However, crossbar arrays 102 having linear memristors are
prone o having large sneak path currents during programming of the array 102, particularly
when the size of crossbar array 102 1s larger than a certain size, for instance, 32 x 32. In
such cases, the current running through a selected memrisior may not be sufficient to
program the memristor because most of the current runs through the sneak paths.
Alternatively, the memristor may be programmed at an inaccurate value because of the

sneak paths.

[0035]  Toalleviate the sneak path currents in such instances, and especially when larger
arrays are desired, an access device, such as an access transistor or a non-linear selecior,
may be incorporated within or utilized together with a memyristor o minimize the sneak path
currents in the array. More specifically, memory cell should be broadly interpreted to include
memristive devices including, for example, a resistive memory element, a memristor, a

memristor and transistor, or a memristor and other components.

(00361  Linear transformation accelerator 100 may be implemented as a hardware engine
i a computing device. Example computing devices that include an example linear

transformation accelerator may be, for example, a personal computer, a cloud server, a local
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area network server, a web server, a mainframe, a mobile computing device, a notebook or
deskiop computer, a smart TV, a point-of-sale device, a wearable device, any other
suitable electronic device, or a combination of devices, such as ones connected by a

cioud or internet network, that perform the functions described herein.

(00377 FlG. 2 is a schematic diagram of an example linear transformation accelerator
200 having multiple crossbar arrays. Similar o linear transformation accelerator 100 of FIG.
1, linear transformation accelerator 200 may be a hardware unit that calculates a linear
fransformation operation. Linear transformation accelerator 200 may calculate a linear
fransformation of an input vector in relation to a linear fransformation matrix. Linear
transformation accelarator 200 may do so by calculating a vector-matrix multiplication of the
input vector with the linear transformation matrix. Linear transformation accelerator 200 may
be utilized to calculate various linear transformation operations, examples of which are
described herein with reference to FIG. 4A 4B, 5 6 and 7.

(00381 Linear tfransformation accelerator 200 may have multiple crossbar arrays,
Hiustrated here as crossbar array 210A and crossbar array 210B. However, it should be
noted that linear transformation accelerator 200 is not Iimited to two crossbar arrays and
may include any plurality of crossbar arrays as needed for particular operations. Crossbar
arrays 210A and 210B may be controlled by crossbar selection and buffer controlier 250,
which may be a circuit connected {0 the crossbar arrays that may select which crossbar
array is utilized for a particular operation. Buffers may be connected to the crossbar arrays
to assist in the transfer of current 10 the selecied crosshar array, as illustrated as buffer 260

connected to crossbar array 210B.

[0039] Crossbar arrays 210A and 210B may be programmed according to a linear
fransformation matrix. In some examples, each crossbar array 210A and 2108 may be
programmed {o a different linear transformation matrix. Alternatively in other examples, the
crossbar arrays 210A and 2108 may be programmed o the same matrix. As described
above, crossbar arrays 210A and 2108 may be programmed by setting the states of their

respective memory cells.

(00407 1o calculate a linear transformation using linear transformation accelerator 200,

an input vector may be received by drive circuit 220, The input vector may include the
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numerical values for which a linear transformation is {o be calculated. Drive circuit 220 is to
deliver a set of input electrical signals to the crossbar arrays that represents the input vector.
In some examples, the input vector may include digital values, which may be converted to
analog values of the input electrical signals by digital-to-analog converter 222. in other

examples, the input vector may already include analog values.

(0417 The input electrical signals may be driven from drive circuit 220 to switch 240,
Switch 240 may be a multiplexer, demultiplexer, or other circuitry to direct electrical signals.
The switch 240 may conirol which set of lines of a crossbar array are to receive the input
electrical signals. For example, swiich 240 may direct the input electrical signals to the word
lines of crossbar array, such as crosshar array 210A via the lines marked with 241A. Switch
240 may alternatively direct the input electrical signal to the bit lines of crossbar array 210A
via the lines marked with 241B. For exampie, when the input electrical signals are directed
to lines 241A, the other lines, here line 241B, may deliver the output electrical signals, and

Vioe Versa.

[0042]  Upon passing through the crossbar arrays, the output electrical signals may be
received by the switch 240, The switch 240 may then direct the output electrical signals

onward o read circuit 230 or to the crossbar arrays for additional operations

[0043]  Upon being directed to the read circuit 230, the oulput electrical signals may be
received by read circuit 230. The read circuit 230 may map the ouiput electrical signals to
an output vector with values representing the linear transformation of the input vector. In
some examples, analog-to-digital converter 232 may convert the analog oufput electrical

signals to digital values for the output vector.

(0044}  Furthermore, vector combination circuit 234 may calculate a combination of the
output electrical signals from mulliple crossbar arrays, such as crosshar array 210A and
2108, Alternatively or in addition, vector combination circuit 234 may calculate a
combination of the digital values of the oulput vectors after conversion by analog-to-digital
converter 232, In such examples, analog-to-digital converter 232 may individually convert
the output electrical signals of crossbar array 210A and crossbar array 2108 to two output

vectors, which are then combined by vector combination circuit 234.



WO 2017/142542 PCT/US2016/018567

12

[0045] FIG. 3 depicts a flowchart of an example method 300 for calculating a linear
transformation with a linear transformation accelerator. Method 300 may include operation
310 for converting values of g linear transformation matrix {o conductance values of a
crossbar array, operation 320 for programming memaory cells of the crossbar array according
to the conductance values, operation 330 for mapping value of an input vector to input
electrical signals, operation 340 for delivering the input electrical signals to word lines of the
crossbar array, operation 350 for receiving output elecinical signals from bit lines of the
crossbar array, and operation 360 for mapping the output electrical signals 1o an output
vector. Although execution of method 300 is herein described in reference 1o lingar
transformation accelerator 100 of FIG. 1, other suitable examples of method 300 shouid be

apparent, including the examples provided in FIG. 2 and 4-7.

(00467 In an operation 310, a linear transformation matrix may be converted to
conductance values of crossbar array 102, The linear transformation matrix may represent
any linear transformation operation. The value stored in the memory cells 108 of crossbar
may represent the values of the linear transformation matrix. In implementations of resistive
memory, the resistance levels of each memory cell 102 may represent a value of the matrix.

in such a manner, the linear transformation matrix may be mapped onto crossbar array 102,

(00471 In an operation 320, the memory cells 108 of the crossbar array 102 may be
programmed according to the conductance values converied in operation 310. As described
previously, memory cells 108 may be programmed, for example, by having programming

signals driven through them, which drives a change in the state of the memory celis 108.

{00481  In an operation 330, values of an input vector may be mapped o input electrical
signals 110. For examples, numerical values of an input vector may be mapped into a
plurality of electrical signal values 10 be delivered to the crossbar array. For example, the
electrical signal values 110 may be current values or voltage values that drives a current to

each memory cell 108 of crossbar array.

[0049]  In an operation 340, the input electrical signals 110 are delivered {0 word lines
104 of crossbar array 102, In an operation 350 and upon the input electrical signals 110
passing through the crossbar array 102, cutput electrical signals 114 may be received from

bit lines 106 of crossbar array 102.



WO 2017/142542 PCT/US2016/018567

13

[C0507 In an operation 360, cutput electrical signals 114 may be mapped o an output

vector that represents a linear transformation of the input veclior.

[0051] FIG. 4-7 illustrate example linear transformation accelerators based on the
teachings herein, where each example illustrates an example linear fransformation
operation. It should be noted that these figures only show a number of example
implementations and the applications of linear transformation accelerators are not imited to

the examples shown.

[0052] FIG. 4A and 48 illustrate a linear transformation accelerator performing a linear
fransformation operation and a transpose of the linear transformation operation. For
example, linear fransformation accelerator 400 may receive an input vector 410 at the
plurality of word lines and output an output vector 420 from the plurality of bit lines. I,
however, an input vector 410 is input at the bit lines, the word lines may output an oulput
vector 425 which may represent a transpose of the linear transformation operation
performed when an input 410 is input at the word lines. Furthermore, if the crossbar array
of inear transformation accelerator 400 is converted from an orthogonal matrix, driving the
input vector 410 to the bit lines produces an inverse of the linear transformation operation

performed when input vector 410 is driven 1o the word lines.

(00531 FIG. 5 illustrates a linear transformation accelerator 500 performing an iterative
inear transformation operation. For example, an input vector 510 may be received by a
counter 530, which may track the number of operations that have been calculated for the
input vector. When that number of operations is below a threshold, the input vector is
directed 515 to the crossbar array. The output vector 520 from received from the crossbar
array is redirected back to the counter 530, which may determine when the output vector
520 is 1o be redirectaed back to the crossbar array for ancther iterative linear transformation
operation. When the counter is complete or when an indication is received that the operation

is complete, the final cutput vector 525 may be received from the counter.

[0054]  FIG. 6 illustrates a linear transformation accelerator 600 performing a chain linear
fransformation operation. For example, an input vector 610 may be directed to a first
crossbar array programmed according to a first linear transformation matrix. Upon output by

the first crossbhar array, an output vector 615 may be directed to a second crossbar array,
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which may be programmed according to a second linear transformation matrix. Final cutput

vector 620 may represent a chain linear transformation of the original input vector 610.

[0055] FIG. 7. llustrates a linear transformation accelerator 700 performing a
combination lingar transformation operation. For example, a first input vector 710 may be
directed to a first crossbar array programmed according to a first linear transformation
matrix. A second input vector 715 may be directed to a second crosshar array programmed
according to a second linear transformation matrix. First output vector 720 and second
cutput vector 725 may be received from the first crossbar array and the second crossbar
array, respectively. Vector combination circuit 730 may combine the first output vector 720
and the second oulput vector 725 into a combined output vector 735, which may represent

a combination linear transformation of the first input vector 710 and second input vector 715.

(00561 It should be noted that in the examples described in FIG. 4-7, the term “input
vector’ and “output vector” may refer to a vector of digital or analog values or a plurality of

glectrical signals mapped from an input or output vector.

(00577 The foregoing describes a number of examples for linear transformation
accelerators and their applications. it shouid be understood that the examples described
herein may include additional components and that some of the componenis described
herein may be removed or modified without departing from the scope of the examples or
their applications. it should also be understood that the components depicted in the
figures are not drawn {o scale, and thus, the components may have different relative sizes

with respect to each other than as shown in the figures.

[00581  Further, the sequence of operations described in connection with FIGS. 1-7 are
examples and are not intended to be Iimiting. Additional or fewer operations or combinations
of operations may be used or may vary without departing from the scope of the disclosed
examples. Furthermore, implementations consistent with the disclosed examples need not
perform the sequence of operations in any particular order. Thus, the present disclosure
merely sets forth possible examples of implementations, and many variations and
maodifications may be made o the described examples. All such modifications and variations
are intended 1o be included within the scope of this disclosure and protected by the following

claims.
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[00591 | should further be noted that, as used in this application and the appended
claims, the singular forms “g,” “an,” and "the” include plural elements unless the context

clearly dictates otherwise.
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What is claimed is:
1. Aldinear transformation accelerator, comprising:

a crossbar array programmed {o calculate a linear transformation, the crossbar
array comprising a plurality of word lines, a plurality of bit lines, and a memory cell coupled
between gach unigue combination of one word line and one bit line, wherein:

the memory cells are programmed according {0 a linear transformation
matrix;

the plurality of word lines are o receive an input vector, and

the plurality of bit lines are to output an output vector representing a linear

transformation of the input vector.

2. The linear transformation accelerator of claim 1, further comprising a drive circuit
to drive input electrical signals representing the input vector {0 the plurality of bit lines, a
switch to direct the input electrical signails 1o the plurality of word lines or the plurality of
bit lines, and a read circuit 1o receive oulput electrical signals representing the output

vector from the other of the plurality of word lines or the plurality of bit lines.

3. The linear transformation accelerator of claim 2, wherein driving the input electrical
signals 1o the plurality of the bit lines calculates a transpose linear transformation of the

input vector.

4. The linear transformation accelerator of claim 3, wherein the driving the input
electrical signals to the plurality of the bit lines calculates an inverse linear transformation

of the input vector when the matrix is an orthogonal matrix.

5. The linear transformation accelerator of claim 1, further comprising:
a second crossbar array programmed to calculate a linear transformation and

operably coupled 1o the crossbar array, the second crossbar array comprising a plurahity
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of second word lines, a pluraiity of second bit lines, and a second memory cell coupled
between each unique combination of one second word line and one second bif ling,
wherein:
the second memory cells are programmed for a second linear
transformation matrix;
the plurality of second word lines are 1o receive a second input vecior; and
the plurality of second bit lines re to oulpul a second output vector

representing a linear transformation of the second input vector.

6. The linear transformation accelerator of claim 5, further comprising a vector
combination circuit 1o combine the cutput vector with the second cutput vector {o generate

a combined output vector.

7. The linear transformation accelerator of claim 5, wherein the second input vector
is the output vector, and the second oulput vector represents the linear transformation of

the second matrix and the output vector.

8. The linear transformation accelerator of claim 1, further comprising a plurality of
access transistors, wherein each access fransistor is coupled in series with @ memory
celi of the plurality of memory cells between the unique combinations of one word line

and one bit line.

9. The linear transformation accelerator of claim 1, further comprising a plurality of
seleciors, wherein each selector is coupled in series with a memory cell of the plurality of

memory cells between the unigue combinations of one word line and one bit line.

10, Alinear transformation accelerator, comprising:

a pluralty of operably coupled crossbar arrays, each crossbar array (s
programmed {0 calculate a linear transformation and each crossbar array comprising a
plurality of word lines, a plurality of bit Iines, and a memory cell coupled between sach

unigue combination of one word line and oneg bit ling, wherein:
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the memory cells are programmed accerding to a linear transformation
matrix;

the plurality of word lines or the plurality of bit lines is {o receive an input
vector: and

the other of the plurality of word lines or the plurality of bit linas is {0 oulput
an output vector representing a linear transformation of the input vector;

a drive circuit to drive input electrical signals representing the input vector {o the
plurality of the word lines or the plurality of bit lines of a first crossbar array of the plurality
of operably coupled crossbar arrays;

a switch {o direct the input electrical signals o the plurality of word lines or the
plurality of bit lines of the first crossbar array, and

a read circuit to receive cuiput electrical signals representing the cutput vector

from the other of the plurality of word lines or the plurality of bit lines.

11.  The linear transformation accelerator of claim 10, further comprising a crossbar

and buffer control circuit to control the linear transformation accelerator.

12, The linear transformation accelerator of claim 11, further comprising a vector
combination circuit to combine the output vectors of the plurality of operably coupled

crossbar arrays {0 generate a combined output vector.

13. The linear transformation accelerator of claim 11, wherein a second crossbar array
of the plurality of operable coupled crossbhar arrays is to receive a first output vector of a
first crossbar array of the plurality of operable coupled crossbar arrays and {o oulput a
second output vector representing a linear transformation of a second matrix and the first
output vector, wherein the memristors of the second crossbar array are programmed for

the second matrix.

14, Amethod, comprising:

converting values of a linear transformation matrix to conductance vaiues of a
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crossbar array, the crossbar array comprising a plurality of word lines, a plurality of bit
lines, and a memristor coupled between each unigue combination of one word line and
one bit line; and

programming the memristors of the crossbar array according o the conductance

values.

15, The method of claim 14, further comprising
mapping vaiues of the input vector to input electrical signals;
delivering the input electrical signals to the plurality of word lines;
receiving output electrical signals from the plurality of bit lines; and
mapping the oulpui electrical signals 1o an output vector representing a linear

transformation of the input vector.
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TRANSFORMATION MATRIX TO CONDUCTANGE " 310
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MAP QUTPUT THE ELECTRICAL SIGNALS TO AN
QOUTPUT VECTOR L 360




WO 2017/142542 PCT/US2016/018567

417
430

410

400

425




WO 2017/142542 PCT/US2016/018567

&i7
P & & L]
@ & L4 [
@ [ @ [

520

500
515

525
510 4\\{\\“
\\\ L
"




PCT/US2016/018567

WO 201

&7

0z9 \\w

Gig

G0



PCT/US2016/018567

WO 2017/142542

Ge/ \\w

I

|

087 LINOHIO
NOILYNIGNOD
HOLOIA

—

SIS

G4

004

A



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2016/018567

A. CLASSIFICATION OF SUBJECT MATTER
G11C 11/15(2006.01)i, G11C 13/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GI11C 11/15; GO6F 17/16; G11C 11/21; GO6N 3/04; G11C 13/00; G11C 11/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: linear, transformation, accelerator, crossbar, array, program, calculate, word, bit, line,
memory, cell, matrix, input, output, vector, memtistor

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2013-0028004 A1 (GREGORY STUART SNIDER) 31 January 2013 1-15
See paragraphs [0008], [0015]-[0016], [0019]-[0021]; and figures 1-3.

Y US 2014-0172937 A1 (RICHARD LINDERMAN et al.) 19 June 2014 1-15
See paragraphs [0013]-[0014], [0034]; and figure 1.

A US 2014-0268994 A1 (GARRETT ROSE et al.) 18 September 2014 1-15
See paragraph [0057]; and figure 6.

A US 2006-0268598 A1 (GREGORY S. SNIDER) 30 November 2006 1-15
See paragraph [0071]; and figure 20.

A US 2012-0109866 A1 (DHARMENDRA S. MODHA) 03 May 2012 1-15
See paragraph [0028]; and figure 1A.

. . . . N .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
14 November 2016 (14.11.2016) 14 November 2016 (14.11.2016)
Name and mailing address of the [SA/KR Authorized officer

International Application Division

¢ Korean Intellectual Property Office BYUN, Sung Cheal
Y 189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

inb;imile No. +82-42-481-8578 Telephone No. +82-42-481-8262

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2016/018567

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2013-0028004 Al 31/01/2013 US 8675391 B2 18/03/2014
WO 2011-133139 Al 27/10/2011

US 2014-0172937 Al 19/06/2014 US 9152827 B2 06/10/2015

US 2014-0268994 Al 18/09/2014 None

US 2006-0268598 Al 30/11/2006 US 2006-0266999 Al 30/11/2006
US 7257016 B2 14/08/2007
US 7307448 B2 11/12/2007
US 7436209 Bl 14/10/2008

US 2012-0109866 Al 03/05/2012 CN 103189880 A 03/07/2013
CN 103189880 B 30/09/2015
EP 2616996 Al 24/07/2013
JP 05607835 B2 15/10/2014
JP 2013-546064 A 26/12/2013
TW 201224957 A 16/06/2012
US 8510239 B2 13/08/2013
WO 2012-0556592 Al 03/05/2012

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report

