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Rank-order filtering is a non-linear filtering

o
technique in which an element is selected
- from an ordered list of samples. Two-
dimensional (2D) filtering is performed on

the contents of a rectangular window that

slides across an image. As the window
moves by one pixel, a set of obsolete ele-
ments are discarded and a set of new ele-
ments are inserted into the filter window.

The samples within the window are sorted
and the element with the specified rank is

Xilinx Virtex FPGAs provide excellent co-, pre-, slcted 35 ourput. Most ypical anks ar

. . . median, minimum, and maximum.

and post-processing hardware acceleration solutions.  Compared to linca fiers such s inie

impulse response (FIR) or IIR, rank filters
can effectively remove specks while preserv-
ing edges. This can be very useful for noise-
removal or pre-processing applications. In
this article, we'll present an architecture that
lends itself well to area and performance

trade-offs in high-performance FPGAs.

Previous Work

Earlier rank-filter implementations have
not dealt with aspects of color image pro-
cessing, predominantly classifying a filter
as 2D if it was able to generate a valid pixel
output in a single clock cycle.

Bit-serial approaches provide the low-
est complexity. Processing rates are not
usually dependent on the number of new
samples the filter can handle in a single
clock cycle. Bit-serial approaches are non-
recursive and consequently easy to
pipeline, but require a large number of
comparators. Filtering performance is
proportional to input data width.

Word-parallel architectures usually
implement a sorting network that employs
bubble sorting, odd/even merge sorting,
and other architectures optimized for
resource efficiency.
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Figure 1 - 2D filtering window

Most rank-filter architectures either store
samples by the order of arrival (FIFO) or
magnitude ordered. Insert/delete architec-
tures store samples ordered by magnitude.
The oldest sample is discarded and the most
recent input is inserted into the sorting struc-
ture at the appropriate location. These solu-
tions require fewer comparators.

FIFO-based architectures dynamically
calculate the location of the output sample.
These architectures are easier to pipeline
and adapt to muldple samples per clock
cycle, which is essential for 2D filtering.

The Xilinx 2D Rank-Filter Architecture

Other than larger tap numbers, the most
important difference between 2D and 1D
rank filtering is that multiple input samples
must be inserted into the 2D filter core to
generate one new output sample. Figure 1
shows the pixel high-sliding filter window,
which has a vertical size variable we'll call
WV, moving across the input image from
left to right. The smaller gray squares rep-
resent pixels while darker squares illustrate
new samples.

You can trivially extend 1D filters for 2D
use by operating the filter at a WV multiple
of the pixel clock, reading new input pixels
every clock cycle but generating valid out-
put pixels only once every WV clock cycle.
Depending on the filter size and the target-
ed FPGA technology, this solution is viable
for a wide range of applications. You can fil-
ter windows as high as 3 pixels on most

FPGAs and as high as 5 pixels on Xilinx®
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Figure 2 — Filter architecture

Virtex™-4 devices or Virtex-5 devices
using pure 1D architectures for 75-MHz
1080p HDTYV applications.

If pixel clock frequencies are prohibi-
tively high, parallel instances of certain key
components of the filter may accept new
WV input samples every clock cycle.

Hybrid solutions spanning fully paral-
lel (WV input samples per clock cycle)
and word serial (one input sample per
clock cycle) allow you to tune the filter
core to the maximum clock frequency
allowed by the target chip while minimiz-

ing resource counts.

Basic Filter Architecture

The architecture illustrated in Figure 2
comprises five main components. The line
buffer stores WV-1 lines of the input
frame. If required, the filter value generator
(FVG) computes magnitude values (such
as luminance) for filtering. The delay line
block stores full pixel information (such as
RGB) for the pixels currently being
processed by the filter core, which carries
out the actual rank filtering. The control
block generates optional data switching,
masking, and output valid signals.

For typical resolutions and filter sizes,
you can implement the line buffer using
block RAMs internal to the target FPGA.

Color frames are often filtered using a
function of the RGB values — typically
luminance — rather than the full RGB
information. Color information (corre-
the values

sponding to luminance

processed by the filter core) is stored in a
FIFO. Let’s designate the variable TAP to
mean the size of the filter core; at any
given time the number of pixels the FIFO
stores is the sum of TAP and the latency
of the filter core. The SRL16 primitives
in Xilinx FPGAs offer an efficient way to
implement this addressable FIFO.

Filter Core

Each sample in the filter core is coupled
with an index value, which represents the
number of samples less than the corre-
sponding sample. When a new sample is
inserted into the window, the samples
already in the filter are compared to the
new sample. Based on these comparisons
the index values are updated, resulting in
TAP-distinct values ranging from 0 (low-
est sample) to TAP-1 (highest sample).
However, this assumes that the values
already in the filter core were unique. As
new samples enter the filter, samples
already in the filter are shifted along with
their corresponding index values.

The architecture in Figure 3 illustrates
the algorithm for a TAP equal to 5. There
are five registers for storing data values (D[3
... 0]) and the new data sample (ND). Every
sample is compared with a new sample to
determine whether corresponding values
are less than the new sample. The result of
these comparisons is fed to TAP bit-wide
shift registers (SH[4 ... 1]). Other bits of the
SH registers are updated using comparison
values calculated in previous cycles.
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Figure 5 — Virtual filter window

At any given time, shift registers
SHIKk] store the comparison results of the
corresponding sample DIk], with other
samples residing in the filter. The sum of
bits in the SH registers generates the
index information.

Bit b (b>0) in SHIO] is updated with
the negated comparison result of the
comparator b. Bit 0 of SH[O0], the self-
comparison result, is initialized with a 1.
Figure 4 illustrates the algorithm by pre-
senting two cycles of the 5-TAP example
as new samples enter from the right
Table cells show the contents of the data
register (ND, D) and the corresponding
shift register (SH) values.

A straightforward way to sum up the
number of 1s in the shift registers is to
use adder trees. For the new sample, this
is the only solution, as contents of SH[0]
can change arbitrarily between subse-
quent clock cycles. To calculate the sum
of SH[TAP-1 ... 1] bits, you can use an
increment/decrement structure, taking
advantage of the correlation between
subsequent SH values. For small TAP
numbers, adder trees are less complex. As
the TAP number increases, the latter
solution becomes more efficient.

The performance of the 1D filter struc-
ture plays a key role in evaluating 2D imple-
mentation options. Table 1 summarizes the
maximum operating frequency for different

FPGAs and different TAP numbers.

2D Extension

You can easily extend the 1D architecture to
process more than one new sample per clock
cycle. The data registers and the comparator
result shift registers should shift by NI data

positions, where NI represents the number
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of new input samples per clock cycle. The
number of comparators is proportional to
NI, as old samples should be compared with
all new samples and new samples should be
compared with each other.

If WV is not an integer multiply of NI,
the throughput of the filter core input
exceeds that of the input stream, so in some
clock cycles the number of valid new data
samples will be less than NI. By inserting
multiplexers in front of data and comparator
result shift registers, the filter can process a
dynamically changing number of new sam-
ples. Even though two to one multplexers
are always sufficient, numerous multiplexers

are required to facilitate dynamic shifting.

Another solution is to insert padding
samples as necessary so that new NI sam-
ples can be entered in every clock cycle.
The actual filter uses a WV ;. high virtual
filter window. Figure 5 illustrates a virtual
window for a case in which WV = 3 and NI
= 2. Valid samples in the window are
marked with light gray while padding sam-
ples are marked with dark gray.

During operation, all registers may
contain both valid and padding samples.
Comparisons are performed using all data
registers irrespective of whether the actual
sample is valid or not, so the number of

MVI

comparators required scales with the size of
the virtual filter window. Padding samples
are masked in the shift registers before
counting comparator results. Masking val-
ues change according to the validity of new
samples. For new samples, masking is per-
formed on the entire TAP-wide registers, as
contents can change from clock to clock.
Mask value is periodic with WV and can
be generated by a shift register.

Apart from bit masking, bit sum calcu-
lators for the new samples are the same as
for the 1D case. Counters for the older
samples get more and more complex as NI
increases because the modification value is

extended from the (-1, 0, +1)
range to (-NI ...+NI).

. | Conclusion
Two-dimensional rank order filter-
" o 1 ing is a non-linear filtering tech-
# " 1 nique that can effectively remove
= B 1 “salc and pepper” noise from
& n 4 images or video streams (Figure 6).
i = | We implemented a scalable, effi-
L cient 2D filter design on
¥ N Spartan™-3  devices, Virtex-4
& = ] devices, and Virtex-5 devices.
S Table 1 summarizes the achieved
operating frequencies of the 1D fil-
Figure 6 — Salt and pepper noise removal using a 3 x 3 median filtering window ter core for typical window sizes.
For characterization purposes, com-
parators were implemented using
logic-fabric adders. Figure 7 presents LUT
usage as a function of new input
14000 samples/CLK cycle for a 7 x 7 window size.
12000 M For more information, see Xilinx
Application Note XAPP953, “Two-
R 10000 — B Dimensional Rank Order Filter,” at
":’"_ 8000 www.xilinx.com/bvdocs/appnotes/
'é 6000 — = ] xapp953.pdf
4000
2000 Family Filter Window Size
OT7%x7 | 7x72 | 7x73 | 7x74 | 7x75 | 7x76 | 7x717 3x3 5x5 7x7
Ov4 LuUT 1941 3385 5195 5788 9405 12985 8054 XC5V-3 460 MHz 490 MHz | 400 MHz
V4 FF 1794 2716 3631 3923 6428 8547 5541
EV5LUT| 1358 2192 3154 2752 5489 7562 499 AR AL || LD || el
I V5 FF 1686 2505 3407 3642 5150 6736 4991 X(354 | 245MHz | 195 MHz [ 175 MHz

Configuration

Figure 7 — LUT and flip-flop usage as a function of NI for a 7 x 7 window size
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Table 1 - Filter core operating frequencies
Jor different filter sizes and families

DSP magazine 37




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


