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HARDWARE ACCELERATOR FOR INTEGRAL IMAGE COMPUTATION

BACKGROUND

[0001] An integral image, also referred to as a summed area table, is used in computer vision
processing to calculate the sum of pixel values in an image or a rectangular subset thereof. The
value at any location (x, y) of an integral image is the sum of the value of the pixel at the location
(x, y) in an input image and all of the pixel values to the left and above the pixel in the input
image. Once an integral image is computed, finding the sum of pixel values over any rectangular
area requires four array references and can be performed at a constant speed regardless of the
area size.

[0002] An integral image is particularly useful for fast implementation of image pyramids in
multi-scale computer vision algorithms as such images are fundamental data structures for
feature computation. For example, using an integral image improves the execution speed for
computing box filters for feature identification as the integral image eliminates computationally
expensive multiplications and allows all box filters regardless of size to be computed at a
constant speed.

[0003] Although computation of an integral image involves only additions, the total number of
operations is significant due to input image size. Thus, the computation of integral images in
real-time embedded computer vision systems can adversely impact performance and consume
limited hardware resources. Further, using integral images can substantially increase memory
size and consume substantial memory bandwidth due to the larger size of the integral image
values as compared to the original pixel values, which is also not desirable in embedded
computer vision systems.

SUMMARY

[0004] Embodiments of this description relate to methods and apparatus for acceleration of
integral image computation. In one aspect, a hardware accelerator for computing integral image
values of an image is provided that includes a plurality of row computation components
configurable to operate in parallel to compute row sum values of respective rows of a row block

of the image.
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[0005] In one aspect, a method for computing integral image values of an image in a hardware
accelerator is provided that includes computing row sum values for each row of a row block of
the image, wherein the row sum values for each row are computed in parallel in respective row
computation components of the hardware accelerator, computing integral image values for the
row block using the row sum values for each row and block pivots from a previous row block of
the image, storing a last row of the integral image values as block pivots for computation of
integral image values for a next row block of the image, and storing the integral image values for
the row block in a memory.

[0006] In one aspect, a system on a chip (SOC) is provided that includes a hardware
accelerator for computing integral image values of a row block of an image, the hardware
accelerator configurable to compute row sum values for each row of the row block in parallel, a
memory coupled to the hardware accelerator to store the integral image values, and a processor
coupled to the memory and the hardware accelerator, the processor operable to execute a control
program comprising software instructions that configure the hardware accelerator to generate the
integral image values of the row block.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a simple example illustrating integral image computation;

[0008] FIG. 2 is a simple example illustrating pixel magnitude computation using integral
image values;

[0009] FIG. 3 is a high level block diagram of an example multiprocessor system-on-a-chip
(SOC);

[0010] FIG. 4 is a simple example illustrating pivotal boundary data used in integral image
computation;

[0011] FIGS. 5 — 18 are an example illustrating block based integral image computation using
pivotal boundary data;

[0012] FIG. 19 is an example illustrating row sum computation of N values in log;N steps;
[0013] FIG. 20 is a block diagram of an example integral image accelerator of the SOC of FIG.
3;
[0014] FIG. 21 is a block diagram of an example integral image accelerator of the SOC of FIG.
3;

[0015] FIG. 22 is a block diagram of an example row sum computation component of the
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integral image accelerator of FIG. 20 or FIG. 21;
[0016] FIG. 23 is a flow diagram of a method for computing row sum values for a row of pixel
values of an image; and
[0017] FIG. 24 is a flow diagram of a method for computing an integral image.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS
[0018] Specific embodiments of the description will now be described in detail with reference
to the accompanying figures. Like elements in the various figures are denoted by like reference
numerals for consistency.
[0019] As previously mentioned, the value at any location (x, y) of an integral image is the
sum of the value of the pixel at the location (x, y) in the image and all of the pixel values to the
left and above the pixel location (x, y) in the image. FIG. 1 is a simple example illustrating the
integral image value computation area for a location (x, y) where the “shaded” area covers the
image pixel values in the image that are summed to compute the integral image value for the
location (x, y). The values of the integral image locations corresponding to locations in an image
can be computed using recursively dependent serial computations as per:

Row_ Sum(x,y) =Row_Sum(x,y-1) + pixel(x,y) (1)

II(x,y) = l(x-1,y) + Row_Sum(x,y) (2)
where 1II is the integral image and Row_Sum computes the sum of all the pixels in a row of the
image that precede the pixel at location (x, y).
[0020] Given an integral image, the sum of the pixel values within a rectangular region of the
original image can be computed in constant time with four array references regardless of the
region size, which is useful for computer vision processing such as feature detection. For
example, for feature detection, the difference in total pixel magnitude between two image
regions can be computed. Referring to the simple example of FIG. 2, the total pixel magnitudes
of the two example regions can be computed as per

Magcp =II(A +D - B - C)
Mcpgr = II(C +F —D —E)

where A, B, C, D, E, and F are the integral image (II) values at the corners of the regions.
[0021] Computing integral images in an embedded computer vision system is both a
computation throughput and memory bandwidth challenge. Embodiments of the description

provide a hardware accelerator for integral image computation that reduces both the computation
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time and memory bandwidth needed for computing an integral image.

[0022] FIG. 3 is a high level block diagram of an example multiprocessor system-on-a-chip
(SOC) 300 configured to support computer vision processing. The SOC 300 includes dual
general purpose processors (GPP) 302, dual digital signal processors (DSP) 304, a vision
processor 306, and an integral image (II) accelerator 312 coupled via a high speed interconnect
322.

[0023] The vision processor 306 is a vector processor tuned for various computer vision and
other signal processing tasks such as features from acceleration test (FAST) feature computation,
deep neural convolutional network computations, etc. The GPP 302 hosts the operating system
and provides overall control of the operation of the SOC 300. The DSP 304 provides support for
computer vision processing such as object detection and classification, which may use the
integral images generated using the II accelerator 312.

[0024] The SOC 300 further includes a direct memory access (DMA) component 308, a
camera capture component 310 coupled to the external camera 324, a display management
component 316, on-chip random access (RAM) memory 318, e.g., a computer readable medium,
and various input/output (I/O) peripherals 320 all coupled to the processors 302, 304 and the II
accelerator 312 via the interconnect 322. The camera 324 may be coupled to the SOC 300 via an
analog connection, an Ethernet cable, a low-voltage differential signaling (LVDS) cable, or other
suitable wired or wireless connection.

[0025] As described in FIGS. 20-22, the II accelerator 312 includes functionality to generate
integral image values of row blocks of images captured by the camera 324. A control program
executing on the DSP 304 configures the II accelerator 312 responsive to the requirements of a
computer vision application to generate integral image values of each row block in an input
image in accordance with parameters specified by the application. Parameters of the II
accelerator 312 are described in more detail herein. The II accelerator 312 generates integral
image values for a row block in accordance with the configured parameters and stores the
integral image values in the RAM 318 for use by the application.

[0026] The architecture of the II accelerator 312 is based on the following observations
regarding the computation of integral image values. One observation is that an image can be
divided into smaller blocks for the integral image computation as long as certain pivotal

boundary data is shared between adjacent blocks. Consider the simple example of FIG. 4. The
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example image is divided into four row blocks, i.e., four sets of non-overlapping sequential rows,
which are each divided into four non-overlapping blocks. The locations corresponding to pivotal
boundary data generated during a row block by row block computation of the integral image are
indicated by the “shaded” boxes at the right edges and bottoms of the blocks. The pivotal
boundary data items corresponding to the rightmost column of each block are the Row Sum
values (see Eq. 1 above) at the respective boundary locations and are referred to as row pivots
herein. The pivotal boundary data items corresponding to the bottom row of each row block are
the actual integral image values for the bottom row and are referred to as block pivots herein.
Integral image values can be computed for multiple blocks of sequential image rows using row
pivots and block pivots.

[0027] The simple example in FIGS. 5 - 15 illustrates determination of integral image values
using row pivots and block pivots. FIG. 5 shows pixels values for an image with nine rows and
twelve columns that is divided into three row blocks 500, 502, 504 of three rows. Each row
block is divided into three blocks having three rows and four columns. The pixel values are
replicated in each block for simplicity of explanation.

[0028] The integral image values corresponding to the top row block 500 are determined as
follows. Each row of row block 500 is divided into three row segments of four pixels each and
the row sums for the pixel values in each row segment are determined. FIG. 6 shows the results
of the row sum determination. Next, the row sum values in each row sum segment are converted
to row sum values for the entire respective original row. To accomplish this, row pivots are
determined for each row sum segment. A row pivot for a row sum segment is the sum of the row
pivots of any preceding row sum segments and the last row sum value in the row sum segment.
For example, in the top row of FIG. 6, the row pivot for the first row sum segment is 10 as there
are no preceding row sum segments. The row pivot for the middle row sum segment is 20 which
is the sum of the last value in the middle row sum segment and the row pivot for the preceding
row sum segment. The row pivot for the third row sum segment is 30, which is the sum of the
last value in the third row sum segment and the row pivots of the two preceding row sum
segments. The row pivots for the other two rows of row sum segments can be similarly
determined. FIG. 7 shows the row pivots for each of the row sum segments of FIG. 6.

[0029] To convert the row sum values in each row sum segment to row sum values for the

entire respective original row, for each row sum segment, the row pivot of the previous row sum
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segment is added to each value in the row sum segment. For example, in the top row of FIG. 6,
the first row sum segment in the top row has no preceding row sum segment, so the values in that
row sum segment are the row sum values for the row. For the middle row sum segment, the row
pivot value 10 corresponding to the first row sum segment is added to each value in the middle
row sum segment to compute the row sum values for the original row corresponding to that row
sum segment. For the third row sum segment, the row pivot value 20 corresponding to the
middle row sum segment is added to each value in the third row sum segment to compute the
row sum values for the original row corresponding to that row sum segment. The row sum
values for the corresponding original rows for the other two rows of row sum segments can be
similarly computed. FIG. 8 shows the resulting row sum values for the row sum segments of
FIG. 6 when the row pivots of FIG. 7 are added in.

[0030] Next, the integral image values corresponding to row block 500 are determined. As is
shown in the Eq. (2) above, the integral image value of a pixel location (x, y) in an image can be
determined by adding the row sum at location (x, y) and the integral image value of the pixel
location (x-1, y). In other words, the integral image value of a pixel location (x, y) can be
determined by adding the row sum at location (x, y) to all row sum values in the same column
above the location (x, y), i.e., by vertically adding the row sum values. Accordingly, given the
row sum values shown in FIG. 8, the integral image value for any location (%, y) in row block
500 can be determined by adding the row sum value at location (x, y) to all row sum values
above it in the same column.

[0031] Thus, the values in the top row of FIG. 8 are the integral image values as there are no
rows above the top row. To determine the integral image values corresponding to the middle
row of FIG. 8, each row sum value in the middle row is added to the row sum value in the same
column in the top row. To determine the integral image values corresponding to the bottom row
of FIG. 8, each row sum value in the bottom row is added to the row sum value in the same
column in the middle row and the same column in the top row. FIG. 9 shows the resulting
integral image values for row block 502. The integral image values in the bottom row 900 of
FIG. 9 are block pivots that are used to determine the integral image values of the next row block
502 of FIG. 5. Note that each block pivot 900 is the sum of the row sums in the corresponding
column of row block 500.

[0032] The integral image values for the next row block 502 are determined as follows. Each
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row of row block 502 is divided into three row segments of four pixels each and the row sums
for the pixel values in each row segment are determined. FIG. 10 shows the results of the row
sum determination. Next, the row sum values in each row sum segment are converted to row
sum values for the entire respective original row. To accomplish this, row pivots are determined
for each row sum segment. FIG. 11 shows the row pivots for each of the row sum segments of
FIG. 10.

[0033] To convert the row sum values in each row sum segment to row sum values for the
entire respective original row, for each row sum segment, the row pivot of the previous row sum
segment is added to each value in the row sum segment. FIG. 12 shows the resulting row sum
values for the row sum segments of FIG. 10 when the row pivots of FIG. 11 are added in.

[0034] Next, the integral image values corresponding to row block 502 are determined. As
previously described, the integral image value for any location (x, y) in the row block can be
determined by adding the row sum value at (x, y) to all row sum values above it in the same
column in the image, i.e., by vertically adding the row sum values. Further, each block pivot
from the previous row block 500 is the sum of the row sums in the corresponding column of the
previous row block 500. Accordingly, given the row sum values shown in FIG. 12, the integral
image value for any location (X, y) in row block 502 can be determined by adding the row sum
value at location (x, y) to all row sum values above it in the same column in row block 502 and
row block 500. Further, because the block pivots 900 from row block 500 are each the sum of
the row sums in the corresponding column of row block 500, the integral image value for any
location (x, y) in row block 502 can be determined by adding the row sum value at location (X, y)
to all row sum values above it in the same column in row block 502 and the block pivot 900 from
row block 500 corresponding to the same column.

[0035]  Thus, to determine the integral image values corresponding to the top row of FIG. 12,
each row sum value in the top row is added to the block pivot 900 in the corresponding column.
To determine the integral image values corresponding to the middle row of FIG. 12, each row
sum value in the middle row is added to the row sum value in the same column in the top row
and the block pivot 900 in the corresponding column. To determine the integral image values
corresponding to the bottom row of FIG. 12, each row sum value in the bottom row is added to
the row sum value in the same column in the middle row and the same column in the top row and

the block pivot 900 in the corresponding column. FIG. 13 shows the resulting integral image
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values for row block 502. The integral image values in the bottom row 1300 of FIG. 13 are
block pivots that are used to determine the integral image values the next row block 504 of FIG.
5. Note that each block pivot is the sum of the row sums in the corresponding column of row
block 500 and row block 502.

[0036] The integral image values for the next row block 504 are determined as follows. Each
row of row block 504 is divided into three row segments of four pixels each and the row sums
for the pixel values in each row segment are determined. FIG. 14 shows the results of the row
sum determination. Next, the row sum values in each row sum segment are converted to row
sum values for the entire respective original row. To accomplish this, row pivots are determined
for each row sum segment. FIG. 15 shows the row pivots for each of the row sum segments of
FIG. 14.

[0037] To convert the row sum values in each row sum segment to row sum values for the
entire respective original row, for each row sum segment, the row pivot of the previous row sum
segment is added to each value in the row sum segment. FIG. 16 shows the resulting row sum
values for the row sum segments of FIG. 14 when the row pivots of FIG. 15 are added in.

[0038] Next, the integral image values corresponding to row block 504 are determined. As
previously described, the integral image value for any location (x, y) in the row block can be
determined by adding the row sum value at (x, y) to all row sum values above it in the same
column in the image i.e., by vertically adding the row sum values. Further, each block pivot
1300 from the previous row block 502 is the sum of the row sums in the corresponding column
of row block 500 and row block 502. Accordingly, given the row sum values shown in FIG. 16,
the integral image value for any location (x, y) in row block 504 can be determined by adding the
row sum value at location (x, y) to all row sum values above it in the same column in row block
504, row block 502, and row block 500. Further, because the block pivots 1300 from row block
502 are each the sum of the row sums in the corresponding column of row block 500 and row
block 502, the integral image value for any location (%, y) in row block 504 can be determined by
adding the row sum value at location (x, y) to all row sum values above it in the same column in
row block 504 and the block pivot 1300 from row block 502 corresponding to the same column.
[0039] Thus, to determine the integral image values corresponding to the top row of FIG. 16,
each row sum value in the top row is added to the block pivot 1300 in the corresponding column.

To determine the integral image values corresponding to the middle row of FIG. 16, each row
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sum value in the middle row is added to the row sum value in the same column in the top row
and the block pivot 1300 in the corresponding column. To determine the integral image values
corresponding to the bottom row of FIG. 16, each row sum value in the bottom row is added to
the row sum value in the same column in the middle row and the same column in the top row and
the block pivot 1300 in the corresponding column. FIG. 17 shows the resulting integral image
values for row block 504 and FIG. 18 shows the final integral image for the example image.
[0040] Another observation is that the row sums of a sequence of n pixel values can be
computed in log,N steps of parallel additions, where N = n if n is a power of 2 and N is the
closest power of 2 greater than n otherwise. For example, if n = 25, then N = 32 or if n = 16,
then N = 16. Consider the example of FIG. 19, where n = 16 and N = 16 and the values are 1-16.
The initial step adds pairs of the original values with a stride of 1. Accordingly, each value is
added to the immediately preceding value in the set. The arrows illustrate the values
contributing to each sum. In the second step, the results of the stride = 1 additions are added in
pairs with a stride of 2. In the third step, the results of the stride = 2 additions are added in pairs
with a stride of 4. In the fourth and final step, the results of the stride = 4 additions are added in
pairs with a stride of 8. Note that each value resulting from the stride = 8 additions is the row
sum of the corresponding pixel location in the set of original values. Further note that each stride
after the initial stride is a power of 2 of the previous stride.

[0041] FIG. 20 is a block diagram of an example II accelerator 2000 which can be used as the
IT accelerator 312 of FIG. 3. The example II accelerator 2000 includes functionality to compute
the integral image values for multiple consecutive rows, i.e., a row block, in an image. The II
accelerator 2000 includes multiple row computation components 2002-2006, a block integral
image computation component 2008, and a block pivot buffer 2010. Multiple invocations of the
IT accelerator 2000 can be performed to generate an integral image for an entire image.

[0042] The row computation components 2002-2006 are configured to operate in parallel to
compute the row sums values of a row block of an image. Each row computation component
2002-2006 is configurable to compute the row sum values of one row of the row block. The
number of row computation components 2002-2006 and the maximum input row size for each
row computation component is implementation dependent and may be determined, for example,
based on criteria such as the desired computation speed, power consumption, and chip silicon

area budget. For example, in some embodiments, there are sixteen row computation
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components, each of which can accept a maximum input row size of 4096 pixels. Further, in
some embodiments, the input row size of each row computation component 2002-2006 is
configurable and can be less than the maximum input row size. In some embodiments, the
number of row computation components 2002-2006 to be used for computing the integral image
of a row block is also configurable and can be less than the total number of row computation
components. Operation of a row computation component 2002-2006 is described in FIG. 22.
[0043] The block integral image computation component 2008 includes functionality to
receive the row sum values for the row block from the row computation components 2002-2006
and to compute the integral image values for the row block using the row sum values and the
block pivots from the previous row block, if any. Block pivots are previously described herein in
reference to the example of FIGS. 5-18. The block pivot buffer 2010 stores the block pivots
from the previous row block. To compute the integral image values, the block integral image
computation component 2008 includes functionality to perform vertical additions in each column
of the row sum values of the row block using the block pivot of the corresponding column as
previously described herein in reference to the example of FIGS. 5 — 18. Note that the number of
vertical additions in each column depends on the number of rows in the input row block. In
some embodiments, the vertical additions are implemented as a network of adders.

[0044] The block integral image computation component 2008 is further configured to output
the integral image values for the input row block, which are stored in external memory, e.g.,
RAM 318 of FIG. 3, and to store the bottom row of integral image values in the block pivot
buffer 2010 to be used as block pivots for the next input row block.

[0045] FIG. 21 is a block diagram of an example II accelerator 2100 which can be used as the
IT accelerator 312 of FIG. 3. The example II accelerator 2100 includes functionality to compute
the integral image values for multiple consecutive rows, i.e., a row block, in an image. The II
accelerator 2100 includes multiple row computation components 2102-2106 and a block pivot
buffer 2110. Multiple invocations of the II accelerator 2100 can be performed to generate an
integral image for an entire image.

[0046] The row computation components 2102-2106 are configured to operate in parallel to
compute the row sums values of a row block of an image. Each row computation component
2102-2106 is configurable to compute the row sum values of one row of the row block. The

number of row computation components 2102-2106 and the maximum input row size for each
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row computation component is implementation dependent and may be determined, for example,
based on criteria such as the desired computation speed, power consumption, and chip silicon
area budget. For example, in some embodiments, there are sixteen row computation
components, each of which can accept a maximum input row size of 4096 pixels. Further, in
some embodiments, the input row size of each row computation component 2102-2106 is
configurable and can be less than the maximum input row size. In some embodiments, the
number of row computation components 2102-2106 to be used for computing the integral image
of a row block is also configurable and can be less than the total number of row computation
components. Operation of a row computation component 2102-2106 is described in FIG. 22.
[0047] The DSP 304 (FIG. 3) is coupled to the II accelerator 2100 to receive the row sum
values for the row block from the row computation components 2102-2106 and includes
functionality to compute the integral image values for the row block using the row sum values
and the block pivots from the previous row block, if any. Block pivots are previously described
herein in reference to the example of FIGS. 5-18. To compute the integral image values, the
DSP 304 includes functionality to perform vertical additions in each column of the row sum
values of the row block using the block pivot of the corresponding column as previously
described in the example of FIGS. 5 — 18. Note that the number of vertical additions in each
column depends on the number of rows in the input row block.

[0048] The DSP 304 is further configured to output the integral image values for the input row
block, which are stored in external memory, e.g., RAM 318 of FIG. 3, and to store the bottom
row of integral image values in a memory accessible by the DSP 304 to be used as block pivots
for the next input row block.

[0049] FIG. 22 is a block diagram of an example row computation component 2200 such as
the row computation components 2002-2006 in the I accelerator 312 of FIG. 20 and the row
computation components 2102-2106 in the II accelerator 312 of FIG. 21. The row computation
component 2200 includes functionality to compute the row sum values of a sequence of pixels,
e.g., a row of pixels from an image. The example row computation component 2200 includes a
row data router 2202, multiple pixel processing components 2204-2210, multiple segment row
sum computation components 2214-2220, a row pivots computation component 2222, a row sum
computation component 2224, and a configuration component 2212.

[0050] The input data router 2202 includes functionality to receive a sequence of pixel values

11
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from an image, e.g., a row of pixels values, and to route a configurable number of segments of
sequential pixels to respective pixel processing components 2204-2210. Each pixel processing
component 2204-2210 includes functionality to receive a segment of sequential pixel values
from the input data router 2202 and perform any processing needed to prepare the pixel values
for the computations performed by the respective segment row sum computation component
2214-2220. For example, in some embodiments, if the input pixel values are 8-bit or 12-bit
values, the pixel processing components 2204-2210 make the values 16-bit aligned.

[0051] Each segment row sum computation component 2214-2220 includes functionality to
compute the row sum values of the segment of pixel values received from the respective pixel
processing component 2204-2210. The output of each segment row sum computation
component 2214-2220 is a segment of row sum values corresponding to the input segment of
pixel values. For example, assume there are three segment row sum computation components
SRSC1, SRSC2, and SRSC3. Further, assume the input segment for SRSCI is [1 2 3 4], the
input segment for SRSC2 is [5 6 7 8], and the input segment for SRSC 3 is [9 10 11 12]. The
output segment of SRSC1 is [1 3 6 10], the output segment of SRSC2 is [S 11 18 26], and the
output segment of SRSC3 is [9 19 30 42]. Also see the example of FIGS. 5 — 18 regarding
determining row sum values for row segments.

[0052] In some embodiments, the segment row sum computation components 2214-2220
include functionality to perform the segment row sum computations in log;N steps of parallel
additions as described in reference to the example of FIG. 19. In such embodiments, N is the
number of pixel values in the input segment received from the respective pixel processing
component 2204-2210.

[0053] The number of pixel processing components and segment row sum computation
components included in a row computation component is implementation dependent. Further,
the maximum number of pixel values that can be processed by these components is also
implementation dependent. In some embodiments, the maximum expected row width of an input
image and implementation complexity are factors considered in determining the number of pixel
processing components and segment row sum computation components and the maximum
number of pixel values each component can process. In some embodiments, the expected
maximum row width is 4096 pixels and a row computation component includes sixteen pixel

processing components and sixteen segment row sum components, each of which is configured
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to accept a maximum of 256 pixels as input.

[0054] The row pivots computation component 2222 includes functionality to compute the row
pivots needed for computing the row sum values for the entire input row. To compute the row
pivots, the row pivots computation component 2222 receives the last or rightmost row sum value
from each enabled row sum computation component 2214-2220. The row pivots computation
component 222 uses the received row sum values to compute a row pivot for each segment of
row sum values. The row pivots can be computed recursively as per row pivot(N) =
pivot_data(N) + row_pivot(N-1) where N is the Nth row segment and pivot data is the last or
rightmost row sum value of the Nth row segment. Continuing the above example, the pivot
values from the row sum segments are 10, 26, and 42 and the computed row pivots are 10, 36,
and 68. Also see the example of FIGS. 5 — 18 regarding determining row pivots.

[0055] Note that the computation of the row pivots using the pivot values is similar to the row
sum computation for each row segment. In some embodiments, the row pivots computation
component 2222 includes functionality to perform the row pivot computations in log;N steps of
parallel additions as described in reference to the example of FIG. 19 where N is the number of
row segments if the number of row segments is a power of 2 and N is the closest power of 2
greater than the number of row segments otherwise.

[0056] The row sum computation component 2224 includes functionality to compute the row
sum values for the input row using the row sum segments from the segment row sum
computation components 2214-2220 and the row pivots from the row pivots computation
component 2222, More specifically, the row sum computation component 2224 includes
functionality to add row pivots to row sum values in respective row sum segments to generate
the row sum values for the entire input row. Continuing the previous example, the row integral
image computation component 2126 adds the row pivot 10 to the row sum segment [5 11 18 26]
and the row pivot 36 to the row sum segment [9 19 30 42]. The resulting row sums for the entire
row are [1 3 6 10 15 21 28 36 45 55 66 78]. Also see the example of FIGS. 5 — 18 regarding
determining row sum values for an entire row using row pivots.

[0057] The configuration component 2212 receives and stores configuration parameters for the
row computation component 2200. The configuration parameters may include, for example, the
number of pixels in a row of the input image, the number of bits in a pixel, and the number of

pixels in each row segment.
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[0058] FIG. 23 is a flow diagram of a method for computing row sum values for a row of
pixels values of an input image that can be performed, for example, by a row computation
component 2200. Initially, the row of pixel values is divided 2300 into segments of sequential
pixel values, e.g., by the row data router 2202. The row sums of the pixel values in each row
segment are then computed 2302 in parallel, e.g., in respective segment row computation
components 2214-2220. In some embodiments, the segment row sum computations are
performed in logyN steps of parallel additions as described herein.

[0059] Next, the row pivots are computed 2304, e.g., in the row pivots computation component
2222, As previously described herein, the last or rightmost row sum value of each segment is
used to determine the row pivots for the segments. In some embodiments, the row pivot
computations are performed in logyN steps of parallel additions as described herein.

[0060] The row sum values for the row are then computed 2306, e.g., in the row sum
computation component 2224, using the row sum values of the segments and the row pivots. As
previously described, the row sum values for the row are computed by adding row pivots to the
row sum values of respective row segments.

[0061] FIG. 24 is a flow diagram of a method for computing an integral image that can be
performed, for example, using the II accelerator 312. Initially, the row sum values for each row
of a row block of the image are computed 2400 in parallel, e.g., in respective row computation
components 2102-2106. The integral image values for the row block are then computed 2402
using the row sum values for each row and block pivots from computation of the integral image
values for the previous row block. Note that for the initial row block of the image, there will be
no block pivots. As previously described herein, to compute the integral image values, vertical
additions are performed in each column of the row sum values of the row block using the block
pivot of the corresponding column. The computation of the integral image values may be
performed, for example, by the block integral image computation component 2008 or by the DSP
304.

[0062] The last row of the integral image values is stored 2404 as block pivots for the next row
block and the integral image values for the row block are also stored 2406, e.g., in RAM 318.
The block pivots may be stored, for example, in the block pivot buffer 2010 if the block integral
image computation component 2008 performs the computation of the integral image values or in

a memory accessible by the DSP 304 if the DSP 304 performs the computation of the integral
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image values. The method is then repeated for the next row block, if any 2408.

OTHER EMBODIMENTS

[0063] While this description provides a limited number of examples, those having benefit of
this description will appreciate that other examples can be devised which do not depart from the
scope of the description as described herein.

[0064] For example, embodiments of an II accelerator are described herein with multiple row
computation components that compute the row sums of respective rows of a row block in
parallel. In some embodiments, an II accelerator can include only a single row computation
component. In such embodiments, rather than computing integral image values for row blocks,
integral image values are computed one row at a time, and the integral image values for a row
serve as block pivots for the next row in the image.

[0065] In another example, embodiments of an SoC are described herein with a single II
accelerator. In some embodiments, an SoC can include two or more II accelerators and the II
accelerators can be used to compute integral image values for respective row blocks of an image
or for concurrent computation of integral image values of separate images, e.g., separate levels of
an image pyramid or images from separate cameras.

[0066] Therefore, the appended claims will cover any such modifications of the examples as

fall within the true scope of the description.
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CLAIMS

What is claimed is:

1.

A hardware accelerator for computing integral image values of an image, the hardware
accelerator comprising:

a plurality of row computation components configurable to operate in parallel to compute
row sum values of respective rows of a row block of the image.

The hardware accelerator of claim 1, further comprising a block integral image computation
component coupled to the plurality of row computation components to receive the row sum
values of the respective rows and configured to compute integral image values for the row
block using the row sum values and block pivots from a previous row block of the image.
The hardware accelerator of claim 2, wherein the block integral image computation
component is further configured to compute an integral image value by adding a row sum
value corresponding to the integral image value, all row sum values above the corresponding
row sum value in a same column of the row block, and a block pivot corresponding to the
same column.

The hardware accelerator of claim 1, wherein a processor coupled to the hardware accelerator
to receive the row sum values is configured to compute integral image values for the row
block using the row sum values and block pivots from a previous row block of the image.
The hardware accelerator of claim 4, wherein the processor is further configured to compute
an integral image value by adding a row sum value corresponding to the integral image
value, all row sum values above the corresponding row sum value in a same column of the
row block, and a block pivot corresponding to the same column.

The hardware accelerator of claim 1, wherein each row computation component comprises:

a plurality of segment row sum computation components coupled to receive respective
segments of sequential pixel values of the respective row of the row block,
wherein the plurality of segment row sum computation components are
configured to compute row sum values of the respective segments in parallel,

a row pivots computation component coupled to the plurality of segment row sum
computation components to receive a last row sum value of each respective
segment, wherein the row pivots computation component is configured to

compute a row pivot corresponding to each respective segment using the last row
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sum values; and
a row sum computation component coupled to the plurality of segment row sum
computation components to receive the row sum values of each respective
segment and coupled to the row pivots computation component to receive the row
pivots, wherein the row sum computation component is configured to compute the
row sums for the respective row using the row sum values of each respective
segment and the row pivots.
The hardware accelerator of claim 6, wherein each segment row sum computation
component of the plurality of segment row sum computation components is configured to
compute the row sum values for the respective segment in log,N steps of parallel additions,
wherein N is equal to a number of pixel values in the respective segment if the number of
pixel values is a power of 2 and N is a closest power of 2 greater than the number of pixel
values otherwise.
The hardware accelerator of claim 6, wherein the row pivots computation component is
further configured to compute the row pivots in log,N steps of parallel additions, wherein N
is equal to a number of segments if the number of segments is a power of 2 and N is a closest
power of 2 greater than the number of segments otherwise.
A method for computing integral image values of an image in a hardware accelerator, the
method comprising:
computing row sum values for each row of a row block of the image, wherein the row
sum values for each row are computed in parallel in respective row computation
components of the hardware accelerator;
computing integral image values for the row block using the row sum values for each row
and block pivots from a previous row block of the image;
storing a last row of the integral image values as block pivots for computation of integral
image values for a next row block of the image; and
storing the integral image values for the row block in a memory.
The method of claim 9, wherein computing integral image values further comprises
computing the integral image values by a block integral image computation component
comprised in the hardware accelerator.

The method of claim 9, wherein computing integral image values further comprises
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computing the integral image values by a processor coupled to the hardware accelerator to
receive the row sum values for each row.

12. The method of claim 9, wherein computing integral image values further comprises
computing an integral image value by adding a row sum value corresponding to the integral
image value, all row sum values above the corresponding row sum value in a same column of
the row block, and a block pivot corresponding to the same column.

13. The method of claim 9, wherein computing row sum values further comprises:

receiving a respective row of pixel values of the row block in a respective row
computation component;

dividing the respective row of pixel values into segments of sequential pixel values in the
respective row computation component;

computing row sum values for each segment, wherein the row sum values for each
segment are computed in parallel in respective segment row sum computation
components of the respective row computation component;

computing, by a row pivots computation component comprised in the respective row
computation component, a row pivot for each segment using last row sum values
of the segments; and

computing, by a row sum computation component comprised in the respective row
computation component, row sum values for the row using the row sum values of
the segments and the row pivots.

14. The method of claim 13, wherein computing row sum values for each segment further
comprises computing the row sum values for each segment in log;N steps of parallel
additions, wherein N is equal to a number of pixel values in a segment if the number of pixel
values is a power of 2 and N is a closest power of 2 greater than the number of pixels values
otherwise.

15. The method of claim 13, wherein computing a row pivot further comprises computing the
row pivot for each segment in log,N steps of parallel additions, wherein N is equal to a
number of segments if the number of segments is a power of 2 and N is a closest power of 2
greater than the number of segments otherwise.

16. A system on a chip (SOC) comprising:

a hardware accelerator for computing integral image values of a row block of an image,
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the hardware accelerator configurable to compute row sum values for each row of
the row block in parallel;

a memory coupled to the hardware accelerator to store the integral image values; and

a processor coupled to the memory and the hardware accelerator, the processor operable
to execute a control program comprising software instructions that configure the
hardware accelerator to generate the integral image values of the row block.

17. The SOC of claim 16, wherein the hardware accelerator is further configurable to compute
the integral image values for the row block using the row sum values for each row and block
pivots from a previous row block of the image.

18. The SOC of claim 17, wherein the hardware accelerator is further configurable to compute an
integral image value by adding a row sum value corresponding to the integral image value,
all row sum values above the corresponding row sum value in a same column of the row
block, and a block pivot corresponding to the same column.

19. The SOC of claim 16, wherein the processor is coupled to the hardware accelerator to receive
the row sum values for each row and is further operable to compute the integral image values
for the row block using the row sum values and block pivots from a previous row block of
the image.

20. The SOC of claim 19, wherein the processor is further operable to compute an integral image
value by adding a row sum value corresponding to the integral image value, all row sum
values above the corresponding row sum value in a same column of the row block, and a
block pivot corresponding to the same column.

21. The SOC of claim 16, wherein the hardware accelerator is further configurable to:

divide each row of the row block into respective segments of sequential pixel values;

compute row sum values of the respective segments in parallel;

compute row pivots corresponding to the respective segments using last row sum values
of the respective segments; and

compute row sum values for each row using the row sum values of the respective
segments and the row pivots corresponding to the respective segments.

22. The SOC of claim 21, wherein the hardware accelerator is further configurable to compute
row sum values of the respective segments in log,N steps of parallel additions, wherein N is

equal to a number of pixel values in a respective segment if the number of pixel values is a
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power of 2 and N is a closest power of 2 greater than the number of pixel values otherwise.
23. The SOC of claim 21, wherein the hardware accelerator is further configurable to compute

row pivots corresponding to the respective segments in log,N steps of parallel additions,

wherein N is equal to a number of segments in a row if the number of pixel values is a power

of 2 and N is a closest power of 2 greater than the number of segments otherwise.
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