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DESCRIPTION

BACKGROUND

[0001] This specification relates to computing matrix transposes in hardware.

[0002] A matrix transpose is a computation by which a matrix is reflected over its main
diagonal, which runs from the top left (0,0) position to the bottom right (n,n) position, where n is
the smaller of the matrix's dimensions. The effect is that rows of an input matrix are output as

the columns of a transposed matrix. That is, for the it" row and jt" column element of an input
matrix A, [AT]; = [A];.

SUMMARY

[0003] In general, this specification describes a special-purpose hardware circuit that
computes matrix transposes.

[0004] In general, one innovative aspect of the subject matter described in this specification
can be embodied in a circuit for transposing a matrix, the circuit comprising reversal circuitry
configured to receive, for each of one or more diagonals of the matrix, elements of the
diagonal of the matrix in a first vector, and generate, for each of the one or more diagonals of
the matrix, a second vector that includes the elements of the diagonal of the matrix in an order
that is a reverse of an order of the elements of the diagonal of the matrix in the first vector. The
circuit comprises rotation circuitry configured to determine, for each of the one or more
diagonals of the matrix, a number of positions by which to rotate the elements of the diagonal
of the matrix in the second vector, receive, for each of the one or more diagonals of the matrix,
the second vector of elements of the diagonal of the matrix, and generate, for each of the one
or more diagonals of the matrix, a third vector that includes the elements of the diagonal of the
matrix in the second vector in an order that is a rotation of the elements of the diagonal of the
matrix in the second vector by the determined number of positions.

[0005] Implementations can include one or more of the following features. The circuit
comprises counting circuitry configured to output, to the rotation circuitry and for each of the
one or more diagonals of the matrix, a number of positions by which to rotate the elements of
the diagonal of the matrix in the second vector; the counting circuitry is configured to output, as
the number of positions by which to rotate the elements of the diagonal of the matrix in the
second vector and for each of the one or more diagonals of the matrix, a value, wherein an
initial value output by the counting circuitry is equivalent to N-1, where N is equivalent to the
width of the rotation circuitry; the counting circuitry is configured to decrement the value output
by the counting circuitry for each of the one or more diagonals of the matrix, and after the
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value output by the counting circuitry is zero for one of the one or more diagonals of the matrix,
reset the value to the initial value.

[0006] Implementations may each optionally include one or more of the following features. The
matrix is a submatrix of a second matrix; the circuit comprises staggered memory read circuitry
configured to access, for each of the one or more diagonals of the matrix, elements of the
diagonal of the matrix, and output, to the reversal circuitry, the elements of the diagonal of the
matrix as the first vector; the staggered memory read circuitry comprises M multiplexors,
where M is equivalent to the width of the reversal circuitry, and wherein each multiplexor is
configured to output one of a plurality of elements of a column of a matrix; the staggered
memory read circuitry is configured to receive a control signal that specifies, for each of the M
multiplexors, an input of the multiplexor to provide as an output of the multiplexor; each of the
M multiplexors is an N-to-1 multiplexor, where N is the number of elements capable of being
received by the rotation circuitry; the staggered memory read circuit is configured to receive a
first control signal that specifies, for a first one or more of the M multiplexors, an input of the
multiplexor to provide as an output of the multiplexor, and receive a second control signal that
specifies, for a second one or more of the M multiplexors, an input of the multiplexor to provide
as an output of the multiplexor.

[0007] Implementations may each optionally include one or more of the following features. The
circuit comprises a staggered memory write circuit configured to write, for each of the one or
more diagonals of the matrix, the elements of the diagonal of the matrix in the third vector to
memory as a diagonal of a transpose output matrix; the matrix comprises two or more matrices
stored in memory as a single matrix; the rotation circuitry is configured to perform right rotation
of the elements of the diagonal of the matrix in the second vector by the determined number of
positions to generate the third vector; the matrix is stored at a static random-access memory
accessible by the circuit; for each of the one or more diagonals of the matrix, the elements of
the diagonal of the matrix in the third vector are stored in a static random-access memory as a
diagonal of a transpose output matrix.

[0008] Implementations may each optionally include one or more of the following features. The
circuit comprises second rotation circuitry configured to determine, for each of one or more
diagonals of a second matrix, a number of positions by which to rotate elements of the
diagonal of the second matrix, receive, for each of the one or more diagonals of the second
matrix, a fourth vector that includes elements of the diagonal of the second matrix, and
generate, for each of the one or more diagonals of the second matrix, a fifth vector that
includes the elements of the diagonal of the second matrix in the fourth vector in an order that
is a rotation of the elements of the diagonal of the second matrix in the fourth vector by the
determined number of positions; the circuit comprises second counting circuitry configured to
output, to the second rotation circuitry and for each of the one or more diagonals of the second
matrix, a number of positions by which to rotate the elements of the diagonal of the second
matrix in the fourth vector.

[0009] Another innovative aspect of the subject matter described in this specification can be
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embodied in a circuit for transposing an input vector, the circuit comprising reversal circuitry
configured to receive, for each of one or more elements of the input vector, a first vector that
includes the element of the input vector, and generate, for each of the one or more elements
of the input vector, a second vector that includes the elements of the first vector in an order
that is a reverse of the order of the elements in the first vector. The circuit comprises rotation
circuitry configured to determine, for each of the one or more elements of the input vector, a
number of positions by which to rotate the elements in the second vector, receive, for each of
the one or more elements of the input vector, the second vector of elements, and generate, for
each of the one or more elements of the input vector, a third vector that includes the elements
of the second vector in an order that is a rotation of the order of the elements in the second
vector by the determined number of positions.

[0010] Particular embodiments of the subject matter described in this application can be
implemented so as to realize one or more of the following advantages. A transpose output
matrix corresponding to a transpose of an input matrix can be generated in hardware by a
special-purpose hardware circuit. By generating the appropriate output using the special-
purpose hardware circuit, a matrix transpose computation can be performed without passing
data back to a host computer, i.e., without performing at least a part of the computation off-chip
or in software. As a result, processing delays resulting from performing the transpose
computation off-chip or in software, where the computation can be an expensive one requiring
a significant number of general processor (e.g., GPU or CPU) cycles to perform, are avoided.

[0011] Using a hardware circuit specially designed to perform matrix transpose computations
also allows for more efficient processing compared to a system that performs matrix transpose
computations in a general matrix processing hardware circuit, e.g., one that is also configured
to perform matrix convolutions or other operations. Implementing matrix transpose
computations on a dedicated hardware circuit permits a design that efficiently handles matrix
transpose computations without concern for other matrix operation capabilities or efficiencies,
and reserves other matrix processing hardware circuits for performing those other matrix
operations, thereby increasing the efficiency of matrix computations in hardware generally.

[0012] The details of one or more embodiments of the subject matter of this specification are
set forth in the accompanying drawings and the description below. Other features, aspects,
and advantages of the subject matter will become apparent from the description, the drawings,
and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]
FIG. 1 shows an example matrix-vector processing system.

FIG. 2 shows an example matrix-vector processing system including a transpose unit.
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FIG. 3 shows an example architecture of a transpose unit in a matrix-vector processing
system.

FIG. 4 shows an example architecture of a staggered memory write unit in a matrix-vector
processing system.

FIG. 5 is a flow diagram of an example method for transposing a matrix using a matrix-vector
processing system.

FIGS. 6A-6C show an example for transposing a matrix in a matrix-vector processor.

[0014] Like reference numbers and designations in the various drawings indicate like
elements.

DETAILED DESCRIPTION

[0015] A matrix transpose computation that produces an output matrix in which the rows of an
input matrix are rewritten as the columns of the output matrix, i.e., for the it" row and ji" column

element of an input matrix A, [AT]U- = [Al;i. Therefore, transposing an input matrix effectively

reflects an input matrix over its main diagonal, which runs from the (0,0) position of the matrix
to the (n-1,n-1) position of the matrix, where n is the smaller of the dimensions of the matrix.

[0016] Practical applications for these and other matrix transpose computations are many and
varied. For example, a matrix transpose may be computed when training a neural network. In
such an application, to backpropagate gradients when training a neural network, a transpose
of a weight matrix used in implementing a layer of the neural network may be computed. In
other instances, matrix transposes may be performed on an inference computed by a neural
network, or may be performed on matrix or vector output of a particular layer of a neural
network.

[0017] The matrix transpose computation is used frequently in applications of linear algebra.
For example, a matrix transpose computation is used to compute the dot product of two input

matrices A and B, such that ATB = A - B. The dot product may be used, for example, to
compute angles and sizes of matrices, since A - B = ||All |IBll cos 8. Dot products may also be
used in computing linear functions on vectors, where a linear function taking a vector A as an
argument can be performed by computing dot products between the vector A and a collection
of vectors representing the linear function.

[0018] Matrix transpose computations may also be performed in image processing
applications, such as to perform image flip or rotate operations. A digital image represented as
a matrix may be manipulated using transpose computations to generate rotations or
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mirrorimages of the digital image. In signal processing and other fields, fast Fourier transform
(FFT) algorithms are implemented using matrix transposes, for instance, when performing
multi-dimension parallel FFT algorithms. Social network or other network analysis may also
utilize matrix transpose computations to determine the sources of relationships between nodes
in the network, or to determine patterns of relationships between nodes in the network.
Statistical programming, geographic information systems, and other applications also
frequently utilize matrix transpose computations.

[0019] This specification describes special-purpose hardware circuitry that processes an input
matrix or vector to generate a transpose output matrix, i.e., a transpose of the input matrix or
vector.

[0020] FIG. 1 shows an example matrix-vector processing system 100. The matrix-vector
processing system 100 is an example of a system implemented as one or more computers in
one or more locations in which the systems, components, and techniques described below can
be implemented.

[0021] The matrix-vector processing system 100 is a system that performs matrix or vector
computations using a special-purpose hardware circuit 110. The special-purpose hardware
circuit 110 is an integrated circuit for performing matrix or vector computations that includes a
transpose unit 120 configured to compute matrix transposes in hardware. An example special-
purpose hardware circuit 110 is described in more detail with reference to FIG. 2.

[0022] The matrix-vector processing system 100 receives requests to perform matrix or vector
computations on the special-purpose hardware circuit 110, controls the special-purpose
hardware circuit 110 to perform the matrix or vector computations, and outputs results of the
matrix or vector computations generated by the special-purpose hardware circuit 110. For
example, the matrix-vector processing system 100 may receive a request to compute a
transpose of an input matrix, implement the matrix transpose computation on the special-
purpose hardware circuit 110, and output a resulting transpose matrix in response to the
request. The special-purpose hardware circuit 110 may be capable of performing additional
computations in addition to matrix transpose.

[0023] To implement matrix or vector computations on the special-purpose hardware circuit
110, the matrix-vector processing system 100 includes a matrix-vector processing engine 150.
The matrix-vector processing engine 150 may be implemented as one or more computer
programs on one or more computers in one or more physical locations.

[0024] The matrix-vector processing engine 150 can generate instructions, provide control
signals, or direct data to control the special-purpose hardware circuit 110 to perform matrix or
vector computations in response to a request. For example, the matrix-vector processing
system 100 may receive a request to perform a matrix or vector function, and the matrix-vector
processing engine 150 can determine specific instructions or control signals for computing the
function, or can determine how to direct data, e.g., corresponding to input matrices or vectors,
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for the computation.

[0025] Once the matrix-vector processing engine 150 determines how to implement
computations corresponding to a matrix or vector computation request, the matrix-vector
processing engine 150 controls the special-purpose hardware circuit 110 to perform the
computations. For example, the matrix-vector processing engine 150 may direct data for
performing the matrix or vector computations, such as input matrices or vectors, to the special-
purpose hardware circuit 110. The matrix-vector processing engine 150 may also transmit
instructions or control signals to the special-purpose hardware circuit 110 to control the special-
purpose hardware circuit 110 to perform the appropriate computations on the data received by
it from the matrix-vector processing engine 150.

[0026] For example, the matrix-vector processing system 100 can receive a request to
compute a matrix or vector function. The requested function may be relatively simple, e.g., a
request to compute a dot product, or a more complex function, e.g., one for backpropagating
gradients to train a neural network or for performing a multi-dimension parallel FFT, that
involves computing a transpose of a matrix. The request may also identify or include one or
more matrices or vectors for computing the function, i.e., one or more arguments on which to
apply the function. The matrix-vector processing engine 150 can receive the request and can
generate control signals or instructions to compute the function for the input matrices or
vectors. The matrix-vector processing engine 150 may furthermore direct the input matrices or
vectors to the special-purpose hardware circuit 110.

[0027] For example, to compute a matrix transpose, the matrix-vector processing engine 150
may provide an input matrix or vector, or matrix or vector generated as an output of a
preceding computation, on which to perform the transpose to the special-purpose hardware
circuit 110, such that the input matrix or vector is provided to the transpose unit 120. The
matrix-vector processing engine 150 may also provide to the special-purpose hardware circuit
110 a control signal for initiating the transpose computation on the transpose unit 120. The
transpose unit 120 may receive the input matrix or vector and the control signal for initiating
the transpose computation. The transpose unit 120 can perform the transpose computation in
response to receiving the control signal, and can output a matrix or vector that is the transpose
of the received matrix or vector. The transpose matrix output by the transpose unit 120 may be
used in other computations by the special-purpose hardware circuit 110 for computing the
requested function. The special-purpose hardware circuit 110 may provide an output of the
requested function, which the matrix-vector processing system 100 can return in response to
the request.

[0028] FIG. 2 shows an example special-purpose hardware circuit 200 for computing matrix
transposes. In some implementations, the circuit 200 may include additional components, not
shown, for performing other matrix or vector computations. Additional components for
performing other matrix or vector computations may also utilize one or more of the
components shown in FIG. 2.
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[0029] The circuit 200 includes a host interface 202. The host interface 202 can receive control
signals, instructions, or arguments for a transpose computation. The arguments can include,
for example, a matrix or vector on which to perform a transpose computation. Instructions
received by the host interface 202 can include instructions indicating where to store the
received arguments so that the circuit 200 may compute the matrix transpose. A control signal
received by the host interface may be a signal for initiating the transpose computation.

[0030] In some implementations, the host interface 202 can provide instructions to the
sequencer 206, which converts the instructions into low-level control signals that control the
circuit 200 to perform the transpose computation. For example, the control signals generated
by the sequencer 206 may regulate dataflow in the circuit 200, e.g., where an input matrix or
vector should be stored or how that data should otherwise be directed through the circuit 200.
The sequencer 206 may receive an instruction to initiate a transpose computation on the circuit
200, and may generate a control signal for controlling a transpose unit 212 to initiate a
transpose computation.

[0031] The sequencer 206 can send the control signals to memory 208 and the transpose unit
212. In some implementations, the sequencer 206 also sends control signals to a direct
memory access engine 204. In some implementations, the sequencer 206 is a processor that
generates control signals. The sequencer 206 can use timing of the control signals to, at
appropriate times, send the control signals to the appropriate components of the circuit 200. In
some instances, the sequencer 206 may receive control signals from the host interface 202
that are passed in externally from the circuit 200, e.g., from the vector-matrix processing
engine 150 of FIG. 1, such that the sequencer 206 is not required to generate control signals.
In such instances, the sequencer 206 may send the received control signals to the
components of the circuit 200 at appropriate times. Moreover, where the circuit 200 is provided
control signals, the sequencer 206 may be an optional component of the circuit 200, i.e., such
that a component external to the circuit 200, e.g., the matrix-vector processing engine 150,
may provide the control signals at the appropriate times to control the circuit 200 to perform a
matrix transpose operation.

[0032] The host interface 202 can send an argument, e.g., an input matrix or vector, to the
direct memory access engine 204. The direct memory access engine 204 can store the
argument at the memory 208.

[0033] The memory 208 may be a memory buffer, e.g., a unified buffer, or may be a dynamic
memory, e.g., a static random-access memory (SRAM). The memory 208 may be located on
or off of the circuit 200. It can be used to store an argument input to the circuit 200, such as a
matrix or vector. The memory 208 may also store outputs of the transpose unit 212, i.e., a
transpose output matrix or vector. The direct memory access engine 204 may, in some
implementations, read from the memory 208. For example, the direct memory access engine
204 may read from the memory 208 to return, from the circuit 200, a result of performing a
matrix transpose.
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[0034] The memory 208 can send an argument to the transpose unit 212 for transposing. For
example, after the direct memory access engine 204 stores an input matrix or vector in the
memory 208, the input matrix or vector may be provided or made accessible to the transpose
unit 212, so that the transpose unit 212 may compute a transpose of the input matrix or vector.

[0035] The transpose unit 212 is a circuit for computing matrix or vector transposes. In some
implementations, the transpose unit 212 is designed such that the transpose unit may be
triggered to compute a matrix transpose based on receiving an argument and a control signal
for initiating the transpose computation. That is, the transpose unit 212 may be configured to
require only a single control signal to perform an entire transpose process on an argument and
to generate a transpose of the argument, i.e., a transpose output matrix or vector.

[0036] In such an implementation, once a transpose computation is initiated, the transpose
unit 212 may perform an entire transpose computation in a fixed manner, i.e., such that the
transpose unit 212 will perform the transpose computation in the same manner regardless of
the argument provided to the transpose unit 212. Thus, the transpose unit 212 may be
configured to perform the same computations regardless of whether an input matrix is a 64x64
element matrix, a 128x128 element matrix, etc. The transpose unit 212 stores outputs, i.e.,
transpose output matrices or vectors, at the memory 208.

[0037] Generally, to compute a matrix or vector transpose, the transpose unit 212 performs a
staggered memory read of an argument that is stored in the memory 208. When the argument
is a matrix, the staggered memory read enables the transpose unit 212 to obtain, for each
diagonal of the matrix, a vector of elements corresponding to the diagonal of the matrix in a
register. The transpose unit 212 reverses the order of the elements of the diagonal of the
matrix stored in the register to generate and store a second vector of the elements of the
diagonal of the matrix, e.g., in the same register or in a second register. The elements of the
second vector are shifted by a determined number of positions to obtain a third vector
including the elements of the diagonal of the matrix, which is then stored, e.g., in the same
register or in a third register. A staggered memory write is performed to place the elements in
the third vector, e.g., in the third register, in appropriate memory locations. The process is
repeated for each diagonal of the matrix to obtain a transpose output matrix that is stored in
memory as the transpose of the matrix.

[0038] As discussed above, these same operations are performed when the argument is a
vector. Thus, when the argument is a vector, the staggered memory read enables the
transpose unit 212 to obtain a single element of the vector in a register for each iteration of the
process. The element in the register for each iteration is manipulated according to the above
process to obtain a transpose of the vector. Where the transpose computation is performed on
a vector, the transpose output vector will also be a vector, however, an input column vector will
have been converted to a row vector, and a row vector to a column vector. FIG. 3 shows an
example architecture of a transpose unit 300. In the illustrated example, a staggered memory
reader 310 accesses an input matrix or vector, and outputs elements corresponding to a
diagonal of the input matrix. The staggered memory reader can process each diagonal of the
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input matrix starting with the (0,0) diagonal of the input matrix. Each diagonal of the input
matrix is a diagonal line of elements extending from the lower-left to top-right of the input
matrix, i.e., the diagonal line of elements extending from the (n-1,0) element of the input matrix
to the (0,n-1) element of the input matrix. Operation of the staggered memory reader 310 is
discussed in further detail with respect to FIG. 4.

[0039] The elements of the diagonal of the input matrix output by the staggered memory
reader 310 are received by value loaders 320, where each value loader 320 corresponds to a
different column of the data, i.e., the input matrix, accessed by the staggered memory reader
310. In the example transpose unit 300 shown in FIG. 3, the transpose unit architecture 300 is
capable of computing transposes up to 4x4, however, the same techniques may be expanded
for any size transpose unit. Thus, when transposing a 4x4 input matrix, each of the value
loaders 320 corresponds to a column of the input matrix. If transposing a matrix smaller than
4x4 using the 4x4 transpose unit 300, the values provided to the upper value loaders can be
discarded or ignored. For example, if a 3x3 input matrix is read by the staggered memory
reader 310, values output to value loader [3] can be ignored or discarded, as they do not
correspond to elements of the input matrix.

[0040] The value loaders 320 transmit the received elements to an input register 330, where
the input register stores the elements as a first vector. For the example transpose unit 300, the
input register may be a 1x4 register of elements, corresponding to the dimensions of the
maximum-sized input matrix that the transpose unit 300 can process, i.e., 4x4. Thus, an
element received by value loader [0] may be stored in a (0,0) element of the input register 330,
an element received by value loader [1] may be stored in a (0,1) element of the input register
330, and so forth. In some implementations, if the matrix input to the transpose unit 300 is
smaller than the maximum input matrix size for the transpose unit 300, the value loaders 320
may not send the values that do not correspond to elements of the input matrix to the input
register 330. For example, if a 3x3 matrix is input to the 4x4 transpose unit 300, value loader
[3] may not send a value to the input register 330.

[0041] A reverser 340 receives elements stored in the input register 330 and reverses the
order of the elements to generate a second vector of elements. In some implementations, the
reverser 340 receives the first vector of elements stored at the input register 330, and reverses
the order of the elements of the first vector to generate a second vector. For example, the
elements of the input register 330 may be sent to the reverser 340, and the reverser 340 may
write the elements to another register in a reverse order from which they were stored in the
input register 330.

[0042] For the transpose unit 300 illustrated, reversing the order of the elements may
comprise storing an element in the [0] position of the input register 330 in a [3] position of the
register of the reverser 340, storing an element in the [1] position of the input register 330 in a
[2] position of the register of the reverser 340, storing an element in the [2] position of the input
register 330 in a [1] position of the register of the reverser 340, and storing an element in the
[3] position of the input register 330 in a [0] position of the register of the reverser 340. In some



DK/EP 3564830 T3

implementations, the reverser 340 may reverse the order of the elements by having write lines
connecting the respective positions of the input register 330 and the register of the reverser
340 as specified above, such that the order of elements in the input register 330 will be written
into the proper positions of the register of the reverser 340. Because the elements received
from the input register 330 correspond to a diagonal of the input matrix, reversing the ordering
of the elements of the diagonal of the input matrix effectively results in a reflection of those
elements across the main diagonal of the input matrix.

[0043] A rotator 350 receives the elements stored in the register of the reverser 340 and
rotates the ordering of the elements to generate a third vector of elements. In some
implementations, the rotator 350 receives the second vector of elements stored at the register
of the reverser 340, and right-rotates, i.e., right bit-wise shifts, the elements to generate a third
vector of elements. For example, the elements stored at the register of the reverser 340 may
be sent to the rotator 350, and the rotator 350 may write the elements to another register in an
order reflecting the rotation of the elements. To accomplish rotation, the rotator 350 may
feature a barrel shift circuit that is capable of bit-wise shifting the elements in the register of the
reverser 340 by a specified number of bits using combinatorial logic, i.e., without using
sequential logic.

[0044] The number of positions by which the elements received by the rotator 350 are rotated
is determined based on a counter 315 that is in communication with the rotator 350. The
counter 315 is set in response to an initiate signal 305. For example, the initiate signal 305
may be a single control signal that initiates operation of the transpose unit 300, including
setting the counter 315. In some implementations, the initiate signal 305 is a control signal
provided by the sequencer 206 of FIG. 2, where the control signal may have been provided to
the sequencer 206, e.g., by the matrix-vector processing engine 150 or may have been
generated by the sequencer 206 based on instructions received by the host interface 202.

[0045] In implementations where the rotator 350 performs right-rotation, the initiate signal 305
causes the counter 315 to be set to a value of N-1, where N is equivalent to a number of
elements that the rotator 350 can receive, i.e., equivalent to the width of the rotator 350. For
the example architecture 300 of FIG. 3, the counter would therefore be set to 3, i.e., 4-1, in
response to the initiate signal 305. The counter 315 is configured to decrement each time the
rotator 350 receives a different vector of elements of the input matrix, that is, to decrement for
each diagonal of elements of the input matrix processed by the rotator 350. The counter 315 is
further configured to reset to N-1 after the rotator 350 has performed a rotation by 0 positions
on a set of elements. Alternatively, the rotator 350 may be configured to determine when the
counter 315 specifies a rotation by 0 positions on a set of elements, and in response may pass
the values through the rotator 350 without performing a rotation operation.

[0046] Thus, for the transpose unit 300 of FIG. 3, the counter 315 would cause the rotator 350
to rotate a first diagonal of elements of an input matrix by 3 positions, a second diagonal of
elements of an input matrix by 2 positions, a third diagonal of elements of an input matrix by 1
position, a fourth diagonal of elements of an input matrix by 0 positions, and then repeat this
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process for subsequent diagonals of elements of the input matrix, starting with rotation of a fifth
diagonal of elements of the input matrix by 3 positions. In effect, this rotation shifts the position
of the elements in the second vector received from the reverser 340, which represent a
reflection of elements of a diagonal of the input matrix across a main diagonal, into the
appropriate positions to allow the elements to be written as elements of a transpose output
matrix.

[0047] While described above as performing right-rotation, in some implementations the
rotator 350 performs left-rotation. In such implementations, the counter may be initially set to 1
in response to the initiate signal 305, increment for each set of elements processed by the
rotator 350 until the rotator 350 rotates a set of elements by N-1 positions, and then be reset to
0 after the rotation of elements by N-1 positions has been performed.

[0048] The elements stored at the register of the rotator 350 may be accessed by value
outputs 360, which then provide the elements to the staggered memory writer 370 for writing
into memory, e.g., into the memory 208. For instance, after writing rotated elements into the
register of the rotator 350 as a third vector, each of the value outputs 360 may access a
corresponding element of the register of the rotator 350. For example, the value output [0] 360
may access an element in the [0] position of the register of the rotator 350, the value output [1]
360 may access an element in the [1] position of the register of the rotator 350, and so forth.

[0049] The staggered memory writer 370 receives the elements from the value outputs 360
and appropriately writes the elements into memory such that the memory stores an output
matrix that is a transpose of the input matrix. For example, using similar techniques as those
described subsequently for the staggered memory reader 310, the staggered memory writer
370 can store the elements in the memory 208 such that the transpose output matrix is
properly formatted. The transpose output matrix stored in the memory 208 can be returned as
the result of a function computed by the special-purpose hardware circuit 200 that includes the
transpose unit, or can be further processed within the special-purpose hardware circuit 200 to
generate a result that may be returned by the matrix-vector processing system 100 in
response to a request.

[0050] In some implementations, the number of elements that can be received by the input
register 330, reverser 340, and rotator 350 may be the same, i.e., the input register 330,
reverser 340, and rotator 350 may all have the same width. In other implementations, one or
more of the input register 330, reverser 340, or rotator 350 may be capable of receiving a
different number of elements and of storing those elements as a vector, e.g., in a register. In
some implementations, the value loaders 320 or value outputs 360 may be optional
components of the transpose unit architecture 300, for example, where the staggered memory
reader 310 can write data directly to the input register 330 or where the rotator 350 can send
data directly to the staggered memory writer 370.

[0051] In some implementations, the transpose unit 300 may compute a transpose of an input
matrix that is larger than the maximum dimensioned matrix that the transpose unit 300 can
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transpose. Because transpose is a recursive computation, the transpose of a larger matrix may
be obtained by dividing the matrix into a set of smaller matrices, transposing the smaller
matrices individually, and tiling the smaller transpose matrices to generate the transpose of the
larger matrix. For example, the 4x4 transpose unit 300 may compute the transpose of a 16x16
input matrix by decomposing the 16x16 matrix into four 4x4 matrices, computing the transpose
of each of the four 4x4 matrices, and tiling the four 4x4 transpose matrices to obtain the
transpose of the 16x16 input matrix.

[0052] In some implementations, computing the transpose of an input matrix that is larger than
the maximum dimensioned matrix that the transpose unit 300 can transpose requires
processing of the input matrix by components external to the transpose unit 300. For example,
the matrix-vector processing engine 150 of FIG. 1 may determine that an input matrix has
dimensions exceeding those the transpose unit 300 can process, and so may identify or
generate submatrices of the input matrix that can be provided to and processed by the
transpose unit 300 individually. The matrix-vector processing engine 150 may receive the
transposes of the submatrices and tile the transposes of the submatrices to obtain the
transpose of the input matrix. In some implementations, the transpose unit 300 or other
components of the special-purpose hardware circuit 110 may be capable of decomposing an
input matrix and/or tiling the transposes of the submatrices in hardware to generate a
transpose of an input matrix. For example, control signals received by the special-purpose
hardware circuit may specify specific memory locations, e.g., in a split array, to store the
transposes of the submatrices.

[0053] FIG. 4 shows an example architecture of a staggered memory reader 400. The
staggered memory reader 400 accesses elements of diagonals of an input matrix, and
provides those elements to other components of a transpose unit, e.g., the transpose unit 300
of FIG. 3, to compute a matrix or vector transpose. The staggered memory reader 400 can
access a memory 430, such as the memory 208, where an input matrix or vector has been
stored. For example, as a part of processing a request to compute a matrix transpose or a
function that requires a matrix transpose, the input matrix or vector may be stored at the
memory 430 and may be accessed by the staggered memory reader 400 to compute a
transpose of the input matrix.

[0054] The staggered memory reader 400 includes multiplexors (Mux) 430. In some
implementations, the number of multiplexors 430 included in the staggered memory reader
400 is equivalent to the number of elements that can be received by the reverser 340 of FIG.
3. In some implementations, this number of multiplexors is also equivalent to the number of
elements that can be received by the rotator 350, i.e., when the reverser 340 and rotator 350
have the same width. In those instances, the number of multiplexors is generally equivalent to
a maximum dimension matrix that the transpose unit can process. Thus, the example
staggered memory reader 400 shown in FIG. 4 may be used in a transpose unit that is capable
of transposing matrices up to a size of 4x4. In other examples, the staggered memory reader
400 may have a greater number of multiplexors 430, i.e., have a greater width, than the
reverser 340 or rotator 350.
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[0055] Each of the multiplexors 430 may be an N-to-1 multiplexor, where N is equivalent to a
number of elements that can be received by the rotator 350 of FIG. 3. For example, the
multiplexors 430 are 4-to-1 multiplexors as shown in FIG. 4, to be used in a transpose unit
capable of performing transposes on matrices of up to size 4x4, such that the rotator 350 of
the transpose unit would also have a width of 4. Where an input matrix is of the maximum size
that can be processed by the transpose unit, the respective inputs of the multiplexors 430 will

each correspond to a row of the input matrix, i.e., the 0" input of each multiplexor 430
corresponds to the O row of the input matrix, the 15! input of each multiplexor 430

corresponds to a 15 row of the input matrix, etc. Additionally, each of the multiplexors 430
corresponds to a column of the input matrix, up to the multiplexor 430 corresponding to the
largest dimension of input matrix that the transpose unit can process. That is, where an input
matrix is of the maximum size that can be processed by the transpose unit, multiplexor [0] will

correspond to the 0" row of the input matrix, multiplexor [1] will correspond to the 15t row of
the input matrix, etc.

[0056] Thus, the multiplexors 430 enable access to each element of the input matrix up to the
largest dimension matrix that can be processed by the transpose unit. For example, a 0t input

of multiplexor [2] provides access to a (0,2) element of an input matrix, a 3™ input of
multiplexor [3] provides access to a (3,3) element of an input matrix, etc.

[0057] To enable a staggered memory read, the staggered memory reader 400 includes an
incrementor 435 that provides a control signal to each of the multiplexors 430. The
incrementor 435 increments a control signal that is propagated to each of the multiplexors 430
in a staggered fashion. For the example architecture 400 of FIG. 4, the incrementor 435
initially receives a value of 0 and provides that control signal as a select signal for multiplexor
[0]. In a next iteration, the value of O is incremented to 1, and is provided as a select signal for
multiplexor [0]. The control signal with a value of 0 is propagated to multiplexor [1]. The control
signal continues to propagate in this manner until the select signal at multiplexor [3] has a
value of 3, i.e., to select the (3,3) clement of the input matrix. The pattern of select signals
provided to each multiplexor 430 therefore effectively specifies the order that diagonals of an
input matrix are read for processing by the transpose unit, and is given in table 450.

[0058] As shown in the table 450, at cycle 0O, a first diagonal of a 4x4 input matrix, i.e., the (0,0)
element of the input matrix, is read by the staggered memory reader 400 and provided to the
value loaders 420. At cycle 1, elements (1,0) and (0,1), corresponding to a second diagonal of
the 4x4 input matrix, are provided to the value loaders 420. At cycle 2, elements (2,0), (1,1),
and (0,2) of a third diagonal of the input matrix are provided to the value loaders 420. This
process continues as shown according to the table 450 until all of the elements of the 4x4 input
matrix have been read from the memory 430 in a staggered manner and provided to the value
loaders 420. The value loaders 420 can receive the elements output by the multiplexors 430
and provide those elements to the input register 330 of FIG. 3 at each cycle. As shown in table
450, for many cycles one or more of the value loaders 420 may not receive an element
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corresponding to an element of the input matrix. For these unused value loaders 420, the data
received by them from the corresponding multiplexors 430 or output by them to the input
register 330 can be ignored. Additionally or alternatively, the value loaders 420 may be
configured to forgo outputting data to the input register 330 when their inputs do not
correspond to elements of an input matrix.

[0059] In some implementations, two control signals may be used to enable the transpose unit
to compute multiple transposes simultaneously. For example, a 4x4 transpose unit may
compute two 2x2, 3x2, or 4x2 transposes simultaneously if a first control signal is provided to a
first two of the multiplexors 430, e.g., multiplexors [0] and [1], and a second control signal is
provided to a second two of the multiplexors 430, e.g., multiplexors [2] and [3]. Each control
signal can use the same propagation scheme discussed above, to enable the 4x4 transpose
unit to compute the transpose of two 2x2, 3x2, or 4x2 transposes using the same number of
cycles as it would require to compute a single one of the 2x2, 3x2, or 4x2 matrix transposes.

[0060] In some implementations, the staggered memory reader 400 is capable of supporting
"bubbles," i.e., erroneous gaps in memory or in a stream of data corresponding to an input
matrix. To handle these errors, each of the multiplexors 430 may include a load enable input.
The multiplexors 430 may be configured such that the load enable indicates whether a
"bubble" has occurred, such that if a "bubble" does occur the multiplexors 430 do not read the
memory and the transpose process effectively stalls until the error passes. The load enable
may be configured to respond automatically to a "bubble," and after the "bubble" passes, to
automatically switch to resume the transpose process. The load enable signal may be
configured to allow the staggered memory reader 400 to support "bubbles” that occur in every
lane simultaneously, i.e., at each of the multiplexors 430 at once, or may be configured to allow
the staggered memory reader 400 to support "bubbles” that occur in select lanes, e.g., each
multiplexor 430 may be controlled by a separate load enable signal or a load enable signal
shared by a subset of the multiplexors 430.

[0061] In some implementations, a staggered memory writer, such as the staggered memory
writer 370 of FIG. 3, operates according to similar principles. For example, a staggered
memory writer may comprise N multiplexors, where N is the number of elements capable of
being received by the rotator 350, i.e., the number of value outputs 360. Each multiplexor may
be a 1-to-N multiplexor and may receive an element from a value output, e.g., the value
outputs 360 of FIG. 3, at its input. A control signal similar to that discussed above with respect
to the staggered memory reader 400 is provided as a select signal to each multiplexor of the
staggered memory writer. The control signal for controlling the staggered memory writer may
be provided by an incrementor similar to the incrementor 435 of the staggered memory reader
400, and staggered to provide a select signal to multiplexors of the staggered memory writer
similarly to the staggered memory reader 400. The multiplexors therefore write to a memory,
e.g., the memory 208, in a staggered fashion according to the same pattern discussed above
and shown at table 450. That is, at cycle 0, the staggered memory writer stores an element in
memory corresponding to a (0,0) position of the transpose output matrix, at cycle 1 stores
elements in memory corresponding to (1,0) and (0,1) positions of the transpose output matrix,
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etc.

[0062] FIG. 5 is a flowchart of an example process 500 for performing a matrix transpose
computation. Generally, the process 500 is performed by a system of one or more computers
that includes a special-purpose hardware circuit, for example, the special-purpose hardware
circuit 110 of FIG. 1 that includes a transpose unit 120.

[0063] The system receives elements of a diagonal of a matrix in a first vector (502). For
example, reversal circuitry of a transpose unit, e.g., the reverser 340 of FIG. 3, can receive the
elements of a diagonal of an input matrix. The elements of the diagonal of the input matrix can
be received by the reversal circuitry from, e.g., an input register 330 or value loaders 320 as
discussed with respect to FIG. 3. The elements of the diagonal may have been obtained from
an input matrix stored in memory, e.g., a static random-access memory (SRAM), by a
staggered memory reader, e.g., the staggered memory reader 400 of FIG. 4. The reversal
circuitry can receive the elements of the diagonal in a register of the reversal circuitry.

[0064] The system generates a second vector that includes the elements of the diagonal of the
matrix in an order that is a reverse of an order of the elements of the diagonal of the matrix in
the first vector (504). The reversal circuitry of the transpose unit can store the elements of the
diagonal of the matrix in the first vector in a register in an order that is a reverse of the order of
those elements in the first vector. For example, the reverser 340 of FIG. 3 may store the
elements of the diagonal of the input matrix received from the input register 330 or value
loaders 320 in a register of the reverser 340 in an order that is a reverse of the order in which
those elements are stored in the input register 330.

[0065] The system determines a number of positions by which to rotate the elements of the
diagonal of the matrix in the second vector (506). For example, rotation circuitry of the
transpose unit, e.g., the rotator 350 of FIG. 3, can determine a number of positions by which to
rotate the elements of the diagonal of the matrix in the second vector. In some
implementations, the rotation circuitry may determine the number of positions by which to
rotate the elements in the second matrix based on a counter that controls or is accessible by
the rotation circuitry, e.g., the counter 315 of FIG. 3.

[0066] In some implementations, the counter may he initialized to a value of N-1, where N is
equivalent to a number of elements that the rotation circuitry can receive, i.e., a width of the
register of the rotation circuitry. The counter may be initialized in response to an initiate signal,
such as a control signal triggering the special-purpose hardware circuit to perform operations
to compute a transpose. The counter may decrement for each cycle in which the rotation
circuitry receives a second vector of elements of a diagonal of the input matrix. After the
number of positions by which the rotation circuitry rotates a second vector of elements is zero,
i.e., after a cycle in which the rotation circuitry does not rotate the elements of a second vector,
the counter may be reset to the initialized value. In this manner, the rotation circuitry can
determine a number of positions by which to rotate the elements in a second vector using a
counter that requires only a single initiate control signal to output a correct number of positions
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by which to rotate the elements in the second vector for each of the cycles required to perform
a full transpose computation.

[0067] The system receives the second vector of elements of the diagonal of the matrix (508).
For example, the rotation circuitry of the system can receive the second vector of elements
generated by the reversal circuitry. In some implementations, the rotation circuitry, e.g., the
rotator 350 of FIG. 3, receives the second vector of elements generated by the reversal
circuitry, e.g., the reverser 340 of FIG. 3, by accessing a register of the reversal circuitry that
holds the elements of the second vector, and by storing the elements of the second vector in a
register of the rotation circuitry. In other implementations, the rotation circuitry may access the
second vector stored at a register of the reversal circuitry without storing the second vector of
elements of the matrix at a register of the rotation circuitry.

[0068] The system generates a third vector that includes the elements of the diagonal of the
matrix in the second vector in an order that is a rotation of the elements of the diagonal of the
matrix in the second vector by the determined number of positions (510). For example, rotation
circuitry of the special-purpose hardware circuit, e.g., the rotator 350 of FIG. 3, may store the
order of the elements of the received second vector in a register of the rotation circuitry in the
rotated order such that the order of the elements in the register of the rotation circuitry reflects
the determined number of positions by which to rotate the elements of the received second
vector. In some implementations, the rotation circuitry may perform a right-rotation of the
elements of the second vector in generating the third vector. For example, right-rotation is
performed to rotate the elements of the second vector by the number of positions determined
as described above with reference to step 508, i.e., based on a number of positions specified
by the counter. The rotation circuitry can store the right-rotated elements in the register of the
rotation circuitry.

[0069] After generating the third vector of elements of the diagonal of the matrix, the elements
of the third vector may be stored at a memory, e.g., the memory 208. The elements of the third
vector may be stored at the memory using a staggered memory writer, e.g., as discussed at
FIGS. 3 and 4, to write the elements of the third vector stored at the register of the rotation
circuitry to proper locations of the memory, effectively storing a diagonal of the transpose of the
input matrix.

[0070] The process 500 may be repeated for each of the diagonals of an input matrix. For
example, for a matrix of dimensions m x n, (m+n)-1 iterations of the process 500 will be
performed for the system to output the full transpose of the input matrix.

[0071] FIGS. 6A-6C show an example of transposing a matrix in a matrix-vector processor. In
some implementations, the example of FIGS. 6A-6C may be performed by the matrix-vector
processing system 100 of FIG. 1 that features the special-purpose hardware circuit 110
including the transpose unit 120. Specifically, FIGS. 6A-6C illustrate an example in which the
matrix-vector processing system 100 can compute multiple matrix transposes sequentially,
such that a second matrix transpose may begin while a first matrix transpose computation is
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ongoing. The ability to perform sequential transpose operations with an overlap increases the
efficiency of the matrix-vector processing system 100 in performing matrix transpose
computations.

[0072] In each of the cycles of the example shown at FIGS. 6A-6C, a memory 610, e.g., a
static random-access memory (SRAM) which may be used to implement the memory 208, may
be accessed by a staggered memory read circuit, e.g., the staggered memory reader 400 of
FIG. 4, and data from the memory 610 placed in an input register 620, e.g., similar to the input
register 330 of FIG. 3. A reversal circuit, e.g., the reverser 340 of FIG. 3, may reverse the
values in the input register 620 and place the reversed values in a register of a rotation circuit
630, e.g., a register of the rotator 350 of FIG. 3. The rotation circuit 630 rotates the values in
the register of the rotation circuit 630 by a determined number of positions, e.g., by
determining the number of positions from a counter similar to counter 315 of FIG. 3. Aresult of
performing the rotation is placed in a register of a staggered memory write circuit 640, e.g., a
register of the staggered memory writer 370 or, optionally, the value outputs 360 of FIG. 3.
Staggered memory writing of the values in the register of the staggered memory write circuit
640 is performed to store the values in the appropriate locations of a memory 650, e.g., a
static random-access memory (SRAM) that may be used to implement the memory 208.

[0073] Briefly, at cycle (a) shown at FIG. 6A, a first value (0,0) corresponding to a first diagonal
of a first input matrix is received and is processed according to the described methods, e.g.,
the method 500 of FIG. 5, to store the value in a first location of the memory 650. At cycle (b),
values of a second diagonal of the first input matrix are received and manipulated to store the
values in the appropriate locations of the memory 650. A similar process is repeated for cycles
(c) and (d) to store the values of the third and fourth diagonals of the first input matrix at the
memory 650, such that the first input matrix is properly transposed, i.e., reflected across its
main diagonal.

[0074] At cycle (e) shown at FIG. 6B, a fifth diagonal of the first input matrix is manipulated and
stored in the memory 650, and the cycle also captures element (0,4) corresponding to a first
diagonal of a second input matrix, which is stored at an appropriate location in the memory
650. Thus, at cycle (e), the second matrix transpose computation is begun without a
requirement for additional computing power by the transpose unit. Cycles (f) and (g) show the
completion of the computation of the transpose of the first input matrix, which at cycle (g) is
completely stored in the memory 650 and is a proper transpose of the first input matrix. These
same cycles also accomplish the processing of the second and third diagonals of the second
input matrix.

[0075] Cycle (h), shown at FIG. 6B, and cycles (i), (j), and (k), shown at FIG. 6C, process the
remaining four diagonals of the second input matrix, and result in the storage of the transpose
of the second input matrix in the memory 650. Thus, the example of FIGS. 6A-6C shows that
multiple input matrices can be processed by the transpose unit sequentially and with overlap to
reduce the computing costs of performing multiple matrix transpose computations. While
shown in FIGS. B6A-6C as being performed sequentially without a delay, in other



DK/EP 3564830 T3

implementations the gap between two input matrices may be of an arbitrary duration. In those
instances, the transpose unit would still properly compute transposes of the input matrices,
with the data output by the transpose unit during the gap between the input matrices being
data that can be ignored or discarded.

[0076] As described above, a circuit for transposing a matrix comprising reversal circuitry is
configured, for each of one or more diagonals of the matrix, to receive elements of the matrix
in a first vector and generate a second vector that includes the elements of the matrix in an
order that is a reverse of an order of the elements of the matrix in the first vector, and rotation
circuitry is configured, for each of the one or more diagonals of the matrix, to determine a
number of positions by which to rotate the elements of the matrix in the second vector, receive
the second vector of elements of the matrix, and generate a third vector that includes the
elements of the matrix in the second vector in an order that is a rotation of the elements of the
matrix in the second vector by the determined number of positions.

[0077] Embodiments of the subject matter and the functional operations described in this
specification can be implemented in digital electronic circuitry, in tangibly-embodied computer
software or firmware, in computer hardware, including the structures disclosed in this
specification and their structural equivalents, or in combinations of one or more of them.
Embodiments of the subject matter described in this specification can be implemented as one
or more computer programs, i.e., one or more modules of computer program instructions
encoded on a tangible non transitory program carrier for execution by, or to control the
operation of, data processing apparatus. Alternatively or in addition, the program instructions
can be encoded on an artificially generated propagated signal, e.g., a machine generated
electrical, optical, or electromagnetic signal, that is generated to encode information for
transmission to suitable receiver apparatus for execution by a data processing apparatus. The
computer storage medium can be a machine-readable storage device, a machine-readable
storage substrate, a random or serial access memory device, or a combination of one or more
of them.

[0078] The term "data processing apparatus” encompasses all kinds of apparatus, devices,
and machines for processing data, including by way of example a programmable processor, a
computer, or multiple processors or computers. The apparatus can include special purpose
logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit). The apparatus can also include, in addition to hardware, code that creates
an execution environment for the computer program in question, e.g., code that constitutes
processor firmware, a protocol stack, a database management system, an operating system,
or a combination of one or more of them.

[0079] A computer program (which may also be referred to or described as a program,
software, a software application, a module, a software module, a script, or code) can be written
in any form of programming language, including compiled or interpreted languages, or
declarative or procedural languages, and it can be deployed in any form, including as a
standalone program or as a module, component, subroutine, or other unit suitable for use in a
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computing environment. A computer program may, but need not, correspond to a file in a file
system. A program can be stored in a portion of a file that holds other programs or data, e.g.,
one or more scripts stored in a markup language document, in a single file dedicated to the
program in question, or in multiple coordinated files, e.g., files that store one or more modules,
sub programs, or portions of code. A computer program can be deployed to be executed on
one computer or on multiple computers that are located at one site or distributed across
multiple sites and interconnected by a communication network.

[0080] The processes and logic flows described in this specification can be performed by one
or more programmable computers executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows can
also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit).

[0081] Computers suitable for the execution of a computer program include, by way of
example, can be based on general or special purpose microprocessors or both, or any other
kind of central processing unit. Generally, a central processing unit will receive instructions and
data from a read only memory or a random access memory or both. The essential elements of
a computer are a central processing unit for performing or executing instructions and one or
more memory devices for storing instructions and data. Generally, a computer will also include,
or be operatively coupled to receive data from or transfer data to, or both, one or more mass
storage devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
However, a computer need not have such devices. Moreover, a computer can be embedded in
another device, e.g., a mobile telephone, a personal digital assistant (PDA), a mobile audio or
video player, a game console, a Global Positioning System (GPS) receiver, or a portable
storage device, e.g., a universal serial bus (USB) flash drive, to name just a few.

[0082] Computer readable media suitable for storing computer program instructions and data
include all forms of nonvolatile memory, media and memory devices, including by way of
example semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory devices;
magnetic disks, e.g., internal hard disks or removable disks; magneto optical disks; and CD
ROM and DVD-ROM disks. The processor and the memory can be supplemented by, or
incorporated in, special purpose logic circuitry.

[0083] To send for interaction with a user, embodiments of the subject matter described in this
specification can be implemented on a computer having a display device, e.g., a CRT (cathode
ray tube) or LCD (liquid crystal display) monitor, for displaying information to the user and a
keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can send input
to the computer. Other kinds of devices can be used to send for interaction with a user as well;
for example, feedback provided to the user can be any form of sensory feedback, e.g., visual
feedback, auditory feedback, or tactile feedback; and input from the user can be received in
any form, including acoustic, speech, or tactile input. In addition, a computer can interact with a
user by sending documents to and receiving documents from a device that is used by the user;
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for example, by sending web pages to a web browser on a user's client device in response to
requests received from the web browser.

[0084] Embodiments of the subject matter described in this specification can be implemented
in a computing system that includes a back end component, e.g., as a data server, or that
includes a middleware component, e.g., an application server, or that includes a front end
component, e.g., a client computer having a graphical user interface or a Web browser through
which a user can interact with an implementation of the subject matter described in this
specification, or any combination of one or more such back end, middleware, or front end
components. The components of the system can be interconnected by any form or medium of
digital data communication, e.g., a communication network. Examples of communication
networks include a local area network ("LAN") and a wide area network ("WAN"), e.g., the
Internet.

[0085] The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network. The
relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other.

[0086] While this specification contains many specific implementation details, these should not
be construed as limitations on the scope of any invention or of what may be claimed, but rather
as descriptions of features that may be specific to particular embodiments of particular
inventions. Certain features that are described in this specification in the context of separate
embodiments can also be implemented in combination in a single embodiment. Conversely,
various features that are described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any suitable subcombination. Moreover,
although features may be described above as acting in certain combinations and even initially
claimed as such, one or more features from a claimed combination can in some cases be
excised from the combination, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

[0087] Similarly, while operations are depicted in the drawings in a particular order, this should
not be understood as requiring that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. In certain circumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system modules and components in the
embodiments described above should not be understood as requiring such separation in all
embodiments, and it should be understood that the described program components and
systems can generally be integrated together in a single software product or packaged into
multiple software products.

[0088] Particular embodiments of the subject matter have been described. Other embodiments
are within the scope of the following claims. For example, the actions recited in the claims can
be performed in a different order and still achieve desirable results. As one example, the
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processes depicted in the accompanying figures do not necessarily require the particular order
shown, or sequential order, to achieve desirable results. In certain implementations,
multitasking and parallel processing may be advantageous.
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P ATENTI KR RAYV

1. Kredslgb til transponering af en matrix, hvilket kredslgb omfatter:

et omvendingskredslgb konfigureret til:

at modtage, for hver af én eller flere diagonaler i matricen, elementer fra matricens diagonal i en respek-
tiv fgrste vektor, og

at danne, for hver af den ene eller de flere af matricens diagonaler, en respektiv anden vektor, som indbe-
fatter elementerne fra matricens diagonal i den respektive fgrste vektor i en rackkefglge, der er en omvending af
en raekkefglge af elementerne fra matricens diagonal i den respektive fgrste vektor;

et taellerkredslgb konfigureret til:

at modtage et initieringssignal; og

som reaktion p& at modtage initieringssignalet at indstille en teeller til en teellerveerdi p&d N-1 for hgjre-
rotation af den respektive anden vektor og at indstille taelleren til en teellervaerdi pa 1 for venstre-rotation af den
respektive anden vektor baseret pa det modtagne initieringssignal; og

et rotationskredslgb omfattende et barrel-skifterkredslgb, som er i stand til bitvis at skifte elementerne i
den respektive anden vektor med et specificeret antal bit ved brug af kombinatorisk logik, hvilket rotationskreds-
lgb er konfigureret til:

at modtage tallervaerdien fra taellerkredslpbet, som er i kommunikation med rotationskredslgbet,

at bestemme, for hver af den ene eller de flere af matricens diagonaler og baseret i det mindste pa teeller-
vaerdien, et antal positioner med hvilket elementerne af matricens diagonal skal roteres i den respektive anden
vektor,

at modtage via barrel-skifterkredslgb, for hver af den ene eller de flere af matricens diagonaler, den re-
spektive anden vektor af elementer af matricens diagonal fra omvendingskredslgbet, og

at danne via barrel-skifterkredslgb, for hver af den ene eller flere af matricens diagonaler ved brug af den
kombinatoriske logik, en respektiv tredje vektor, der indbefatter elementerne af matricens diagonal i den respek-
tive anden vektor i en rakkefglge, som er en rotation af elementerne af matricens diagonal i den respektive

anden vektor med antallet af positioner, som er bestemt baseret i det mindste pa teellerveerdien.

2. Kredslgb ifglge krav 1, hvor rotationskredslgbet omfatter tallerkredslgbet, som er konfigureret til at

danne tallervaerdien.

3. Kredslgb ifglge krav 1, hvor taellerkredslgbet er konfigureret til at justere taellervaerdien for hver af den
ene eller flere af matricens diagonaler, hvor justering af taellervaerdien omfatter:

nar teellervaerdien svarer til en positiv veerdi, at justerer teellerveerdien for at formindske den tilsvarende
vaerdi; og

nar taellervaerdien svarer til en vaerdi pd nul, at nulstille taellervaerdien, sa taellervaerdien svarer til start-

veerdien.

4. Kredslgb ifglge krav 1, hvor matricen er en submatrix af en anden matrix.
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5. Kredslgb ifglge krav 1 omfattende forskudt hukommelseslaesekredslgb, som er konfigureret til:
at tilgd, for hver af den ene eller flere af matricens diagonaler, elementer af matricens diagonaler; og

at udlaese elementerne fra matricens diagonal som den respektive fgrste vektor til omvendingskredslgbet.

6. Kredslgb ifglge krav 5, hvor det forskudte hukommelseslasekredslgb omfatter M multipleksorer, hvor
M er akvivalent med bredden af omvendingskredslgbet, og hvor hver af de M multipleksorer er konfigureret til

at udlaese ét af en flerhed af elementer fra en kolonne af matricen.

7. Kredslgb ifglge krav 6,

hvor det forskudte hukommelseslasekredslgb er konfigureret til at modtage et styresignal som specifice-
rer, for hver af de M multipleksorer, en af multipleksorens indgange, der tilvejebringes som en udgang af multi-
pleksoren; eller

hvor hver af de M multipleksorer er en N-til-1 multipleksorer, hvor N er antallet af elementer, som er i

stand til at blive modtaget af rotationskredslgbet.

8. Kredslgb ifglge krav 6, hvor det forskudte hukommelseslaesekredslgb er konfigureret til:

at modtage et fgrste styresignal, som specificerer, for en fgrste af én eller flere af de M multipleksorer,
en indgang af multipleksoren, der tilvejebringes som en udgang af multipleksoren; og

at modtage et andet styresignal, som specificerer, for en anden af én eller flere af de M multipleksorer, en

indgang af multipleksoren, som tilvejebringes som en udgang af multipleksoren.

9. Kredslgb ifglge krav 1, omfattende:
et forskudt hukommelsesskrivekredslgb, som er konfigureret til at skrive, for hver af den ene eller flere af
matricens diagonaler, elementerne af matricens diagonal i den respektive tredje vektor til hukommelse som en

diagonal af en transponeringsudlaesningsmatrix.

10. Kredslgb ifglge krav 9, hvor:

rotationskredslpbet omfatter et register, som er konfigureret til at modtage, for hver af den ene eller flere
af matricens diagonaler, den respektive tredje vektor; og

det forskudte hukommelsesskrivekredslgb er konfigureret til at tilgd, for hver af den ene eller flere af ma-

tricens diagonaler, elementerne af matricens diagonal i den respektive tredje vektor ved registeret.

11. Kredslgb ifglge krav 1,

hvor matricen omfatter to eller flere matricer, som er lagret i en hukommelse som en enkelt matrix; eller

hvor rotationskredslgbet er konfigureret til at udfgre hgjre-rotation af elementerne fra matricens diago-
nal i den respektive anden vektor med det bestemte antal positioner for at generere den respektive tredje vek-
tor; eller

hvor matricen er lagret i et statisk RAM som er tilgaengelig for kredslgbet.



10

15

20

25

30

35

DK/EP 3564830 T3

12. Kredslgb ifglge krav 1,

hvor, for hver af den ene eller flere af matricens diagonaler, elementerne fra matricens diagonal i den re-
spektive tredje vektor er lagret i et statisk RAM som en diagonal af en transponeret udlasningsmatrix; og

hvor kredslgbet fortrinsvis yderligere omfatter et andet teellerkredslgb, som er konfigureret til:

at danne det andet tallersignal; og

at sende det andet taellersignal til rotationskredslgbet.

13. Kredslgb ifglge krav 1, omfattende et andet rotationskredslgb, som er konfigureret til:

at bestemme, for hver af én eller flere diagonaler af en anden matrix og baseret i det mindste pa en an-
den taellervaerdi, et andet antal af positioner for hvilke elementer af den anden matrices diagonal skal roteres;

at modtage, for hver af den ene eller flere diagonaler af den anden matrix, en respektiv fjerde vektor, som
indbefatter elementer af den anden matrices diagonal; og

at danne, for hver af den ene eller flere diagonaler af den anden matrix, en respektiv femte vektor, som
indbefatter elementerne af den anden matrices diagonal, i den respektive fjerde vektor i en raekkefglge, der er en
rotation af elementerne af anden matrices diagonal i den respektive fijerde vektor med det bestemte andet antal

af positioner, som er bestemt baseret i det mindste pa den anden taellervaerdi.

14. Kredslgb ifglge krav 1, hvor taellerkredslgbet er konfigureret til:

at justere tallervaerdien for hver af den ene eller flere af matricens diagonaler, hvor justering af taller-
vaerdien omfatter:

nar taellervaerdien svarer til en vaerdi aekvivalent med N-1, hvor N er akvivalent med bredden af rotati-
onskredslgbet, at nulstille teellervaerdien, sa taellersignalet svarer til startvaerdien, og

nar teellerveerdien svarer til en vaerdi mindre end N-1, at justere taellervaerdien for at gge den tilsvarende

veerdi.

15. Kredslgb til transponering af en indlaesningsvektor, hvilket kredslgb omfatter:

et omvendingskredslgb konfigureret til:

at modtage, for hvert af ét eller flere elementer i indlaesningsvektoren, en fgrste vektor, der indbefatter
elementet i indlaesningsvektoren, og

at danne en anden vektor, der indbefatter elementerne af den fgrste vektor i en reckkefglge, der er om-
vendt af en raekkefglge af elementerne i den fgrste vektor;

et taellerkredslgb konfigureret til:

at modtage et initieringssignal; og

som reaktion pad at modtage initieringssignalet, at indstille en teeller til en teellerveerdi pd N-1 for hgjre-
rotation af den anden vektor og at indstille taelleren til en teellerveerdi pd 1 for venstre-rotation af den anden
vektor baseret pa det modtagne initieringssignal; og

et rotationskredslgb omfattende et barrel-skifterkredslgb, som er i stand til bitvis at skifte elementerne i
den respektive anden vektor med et specificeret antal bit ved brug af kombinatorisk logik, hvilket rotationskreds-

lgb er konfigureret til:
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at modtage teellervaerdien fra taellerkredslpbet, som er i kommunikation med rotationskredslgbet,

at bestemme et antal af positioner, med hvilket elementerne af den anden vektor skal roteres baseret i
det mindste pa taellervaerdien,

at modtage, via barrel-skifterkredslgb, den anden vektor af elementer, og

at danne, via barrel-skifterkredslgb ved brug af den kombinatoriske logik, en tredje vektor, som indbefat-
ter elementerne af den anden vektor i en raekkefglge, som er en rotation af elementerne af i den anden vektor

med antallet af positioner bestemt baseret i det mindste pa teellerveerdien.
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