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Abstract—Demosaicing is the process of interpolating the
output from a single chip colour filter array sensor to form a full
colour image. In hardware, the simplest algorithms: zero order
hold and bilinear interpolation, are commonly used because of
their simplicity and low resource requirements. State of the art
algorithms are difficult to implement in hardware because of their
complex access patterns. This paper explores the streamed
implementation of a higher order interpolation filter, with a
weighted median classifier. Although this comes at a cost of a
factor of 10 increase in hardware resources, and a reduction in
maximum pixel clock frequency by 30%, this state of the art
algorithm gives considerably improved images of 11.2 dB in peak
signal to noise ratio with a considerable reduction in interpolation
artifacts. For real-time applications where image quality is critical,
an implementation of such an advanced demosaicing algorithm on
FPGA is essential.
Keywords—colour filter array; Bayer pattern; demosaicing;
stream processing; higher order interpolation

I.

INTRODUCTION

Most modern colour image sensors use a single chip with a
colour filter array to capture the intensity value of a single
primary colour for each pixel. The most common filter is the
Bayer pattern [1] within which 50% of the pixels are green, 25%
are red, and 25% are blue, as shown in Fig. 1. Demosaicing is
the process to interpolate the other missing colour pixel values
[2] with common artifacts such as blurring, colour bleeding, and
zipper effect.
The simplest approach is zero order hold, but this results in
significant colour bleeding. The next simplest approach is
bilinear interpolation which will tend to blur sharp edges, and
results in some colour bleeding due to the averaging process. It
may also result in the zipper effect along sharp edges as shown
in Fig. 7. A higher order filter will produce improved results,
reducing both colour bleeding and the zipper effect, but it is still
prone to blurring, particularly of fine details.
One state of the art algorithm, the higher order interpolation
with classification of Li and Randhawa [3] will be explored in
this paper. It uses several techniques to reduce the artifacts and
improve the reconstruction accuracy. Rather than interpolate a
single value, four estimates are derived for each missing
component by interpolating from four different directions in
order to avoid interpolation across an edge. A classifier is then
used to produce an output from the four estimates.
FPGAs are increasingly prevalent for embedded image
processing because the parallel nature of hardware
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implementation makes it possible to perform regular processing
on a large volume of data without the very high clock speeds that
would be required of a software platform [4]. When processing
colour images, it is useful to integrate the Bayer interpolation
within the image processing pipeline implemented on the FPGA.
This paper explores the implementation of a state of the art
demosaicing algorithm on an FPGA. The remainder of this paper
is structured as follows. Section II reviews the Li and Randhawa
higher order interpolation and classification algorithm [3],
followed by an outline of its realisation on FPGA. Several
variations of the algorithm were considered to reduce resource
requirements with an analysis on the impact of accuracy. Section
III compares these variations and section IV gives the discussion
and conclusions of the paper.
II.

PROPOSED BAYER FILTER REALISATIONS ON FPGAS

There have been very few publications on the
implementation of Bayer interpolation on FPGAs [5-8]. Much
of the literature on hardware implementation simply refers to
using bilinear interpolation for demosaicing, with relatively few
papers describing any implementation details [9-14]. An FPGA
implementation to reduce blurring for contrast enhancement is
described in [4], and is then optimised to reduce the hardware
requirements. Gunturk’s alternating projection algorithm [15]
was realised on an FPGA [16]. However, it is not quite as
accurate as the algorithm presented in this paper [3].
One constraint for stream processing is that the pixels must
be processed in the order that they are streamed from the sensor.
This requires pixels to be cached so that the multiple pixel values
required for the filter function are available when required. Such
caching is implemented using row buffers constructed from onchip RAM blocks. The other constraint is that a throughput of
processing one pixel per clock cycle must be maintained. For
complex processing, a pipelined architecture is used to enable
the processing for each pixel to be distributed over many clock
cycles resulting in increased latency.
The algorithm consists of three stages [3]. The missing green
pixels are first estimated due to being more densely sampled.
The red samples are then interpolated for the blue pixels, and the
blue samples for the red input pixels by interpolating along the
diagonals. Finally, the remaining red and blue samples are
interpolated horizontally and vertically. For each stage, four
estimates are derived for each pixel, from four different
directions, and a classifier is used to select one of these as the
output value. The architecture is shown in Fig. 2, and described
in the following subsections.
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Fig. 2. Block diagram of the realisation of the higher order interpolation with classification.
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in Fig. 5. Image borders are again managed using pixel
duplication in forming the window.
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Fig. 3. Interpolation contexts for the three stages (only one direction shown).
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A. Green pixels
Referring to Fig. 3, a higher order interpolation (HOI) is used
to calculate the missing green values based on the hue
assumption [3]. Consider the pixel labelled B0: The green value
on the blue rows may be estimated from the left as follows:
Gˆ = 34 G−1 + 18 ( G1 + G−3 ) + 12 ( B0 − B−2 )
L
0

(1)

with the resulting sum clipped to prevent overflow. Other
estimates are similarly made from the top, right and bottom,
requiring a 7×7 window to obtain all four estimates
(G L , GT , G R , G B ) . A similar process is applied for estimating
the green pixels on the red rows.
Fig. 4 shows a more detailed view of the architecture of the
first stage filter. The 7×7 window is formed using 6 row buffers
to cache previous rows. Image borders are managed using 2phase duplication, duplicating the nearest pixel of the correct
phase from alternating rows and columns within the image. This
is accomplished using multiplexers (not shown in Fig. 4).
Each HOI block performs higher order interpolation from
the four directions using (1). The delayed image output for the
following stage is taken 2 pixels after the centre of the window
to account for the latency of the HOI calculation, and the
classifier. In parallel with this, an edge orientation map is formed
to assist with the selection by the classifier. The edge orientation
filter estimates whether the local gradient is predominantly
horizontal or vertical:

1 I + x − I − x > I + y − I − y
E+ = 
0 otherwise

(2)

where I is the input component. The edge orientation map is then
filtered to remove outliers. A 5×5 separable median filter is used
in this paper, instead of a 7×7 standard median filter [3], to
reduce the number of row buffers. The E+ output is formed using
the 7×7 window, as shown in Fig. 4. The sub-window offset by
2 rows and 2 columns accounts for the difference in latency from
the median filter. Since the edge map is binary, the median filter
can be efficiently implemented by counting pixels as illustrated
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Fig. 4. Architecture of the 7×7 stage 1 filter.
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Fig. 5. Architecture of the 5×5 separable median filter.

A weighted median classifier is used to select an output from
the four estimates. The estimates parallel to the edge (using the
filtered edge orientation map) are given a weight of 2, while
those across the edge are given a weight of 1.
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The architecture of the classifier is shown in Fig. 6. A simple
bubble sort network is used to sort the four estimates. Rather
than duplicate the elements before sorting to determine the
median, each of the inputs is augmented with the median filtered
edge orientation. This reduces the number of compare and swap
blocks from 15 (for sorting 6 values) to 6 (for sorting 4 values).
The weights are then used to select the appropriate output.
B. Red and blue pixels
The second stage uses a simple first order interpolation to
estimate the blue samples for red input and red samples for blue
inputs. This requires interpolating diagonally. Referring to Fig.
3, an estimate of the blue pixel value for a red raw pixel from the
top left direction is

(

Bˆ 0TL = B−1 + ( B0 − B−1 ) ≈ B−1 + Gˆ 0 − Gˆ −1

)

(4)

Bubble sort network

The design was synthesised using Quartus Web edition, version
14.1 using VHDL to represent the design.
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The lighthouse image from the Kodak image set is
commonly used for objectively evaluating the performance of
demosaicing algorithms. ModelSim-Altera was used to simulate
the behaviour on the image and to calculate the mean square
error (MSE) and peak signal to noise ratio (PSNR). The
reconstructed images were also visually assessed for quality.
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Fig. 6. Architecture of the weighted median classifier.

The other three diagonal directions are similarly interpolated
(as are the red pixel values at the blue locations). The raw and
green input streams are delayed for synchronisation for the final
filter stage. A diagonal edge orientation map is formed in a
similar manner to that in (2) for the green pixels. To reduce the
logic, the diagonal edge map is calculated using pixels from the
original 7×7 window in stage 1, producing E× as shown in Fig.
4. The pixels used are offset to account for the latencies of the
intervening parallel stages.
The final stage is to interpolate the red and blue channels
horizontally and vertically to give outputs for the green pixels.
Estimating, the blue pixels from the left gives:

(

Bˆ 0L = B−1 + ( B0 − B−1 ) ≈ B−1 + G0 − Gˆ −1

)

The synthesis results, and reconstruction accuracy for the
proposed method are summarised in Table I with samples of the
image showing the picket fence compared in Fig. 7.
TABLE I.

COMPARISON OF DIFFERENT ALGORITHMS AND VARIATIONS
(ALL WERE IMPLEMENTED BY THE AUTHORS)

Method
Nearest neighbour
Bilinear
Proposed method
First order for green
No median for edge map
Mean classifier
All 3 variations

LUTs Flip- M9K
fmax
MSE PSNR
flops RAMs (MHz)
(dB)
159
144
2
96.7
223.2 24.6
221
148
2
97.3
97.20 28.3
2522 1448 19
67.8
7.22 39.5
2338 1376 18
64.8
8.35 38.9
2359 1244 16
61.4
7.92 39.1
2032 1448 19
82.1
10.00 38.1
1536 1072 14
79.8
15.20 36.3

(5)

and similarly for the red pixels. The filtered edge orientation
map from (2) is delayed to synchronise it with the four estimates
for classification.
C. Variations considered
Three variations on the above demosaicing algorithm are
considered.
1) First order green interpolation: Replacing the second order
interpolation of (1) with a first order interpolation reduces the
initial stage to a 5×5 window:
Gˆ 0L = G−1 + 12 ( B0 − B−2 )
(6)
2) Not filtering the edge map: The algorithm may be simplified
by not filtering the edge map. The edge orientation calculated
by (2) is used directly by the classifier.
3) Mean classifier: The weighted median in (3) is quite complex
to implement, requiring quite a lot of logic to implement the
sorting. Replacing this with the mean of the two estimates along
the edge would simplify this:
 1 Gˆ T + Gˆ B when E = 1
2
(7)
Gˆ = 
L
R
when E = 0
 12 Gˆ + Gˆ
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RESULTS AND PERFORMANCE

The algorithm was implemented on an Altera DE2-115
board, which is based on a low cost Cyclone IV FPGA. Images
with 800×600 resolution were captured from a D5M camera and
displayed onto a monitor. A pixel size of 8 bits (0 to 255) was
used throughout the design. The display had a 40 MHz pixel
clock rate, which was the timing constraint used for synthesis.

Fig. 7. Samples for visual quality assessment. Top row: bilinear interpolation;
proposed method; first order for green. Bottom row: unfiltered edge map;
mean classifier; all 3 variations.

As expected, zero order hold uses the fewest resources, but
has the lowest quality. Bilinear interpolation only uses a few
more resources with some improvement in quality but still
contains significant colour artifacts. Our proposed method gives
significantly better quality at the cost of around 10 times
increase in hardware resources due to larger filters, multiple
stages, and more complex selection method. The maximum
clock frequency is also 30% lower, as a result of the propagation
delay through the classifier. Since this was faster than the target
clock frequency, this was not considered a problem. If
necessary, the clock frequency could be increased by adding an
additional layer of pipelining within the classifier.
Of the variations, using a first order interpolation for green
gives a small increase in reconstruction error but visually is
almost unnoticeable. Whilst removing the edge map filtering has

only a minor effect numerically, visual artifacts have been
considerably increased as shown in Fig. 7, particularly in terms
of random colour bleeding on the picket fence. To include the
recommended median filter in [3], this would require more row
buffers to extend the 7×7 window for the first stage to account
for the increased latency of a larger median filter. Switching to
the mean classifier has the biggest reduction in logic resources,
with only a modest decrease in numerical quality, while showing
little visual quality differences between the mean classifier and
weighted median classifier.
The resources required by the proposed filter are broken
down into that required by the constituent component blocks in
Table II. Window formation includes the multiplexers for
managing image borders, and the set of registers required to
make all of the pixels within the window available in parallel.
The stage 2 and 3 filters require wider row buffers (16 bits and
24 bits per pixel respectively) to provide all of the data from the
previous stage. This accounts for the increased resources, even
though the filters are smaller. The median filter required
relatively few resources. However, the weighted median
classifier was relatively expensive, given that four are required
for the design.
TABLE II.

RESOURCE BREAKDOWN FOR THE ADVANCED BAYER
INTERPOLATION INPLEMENTATION

Component
7×7 window
Filter calculations (incl E+ and E×)
Control signals and timing
Stage 1 filter (green and edges)
3×3 window
Filter calculations
Control signals and timing
Stage 2 filter (red/blue ×)
3×3 window
Filter calculations
Control signals and timing
Stage 3 filter (red/blue +)
5×5 window
Filter calculations
Median filter (2 required)
Weighted median classifier (4 reqd)
Interconnection logic
Total

IV.

LUTs
407
318
68
793
247
124
56
427
303
188
37
528
47
6
53
147
80
2522

Flipflops
378
33
107
518
236
48
41
325
292
88
29
409
41
5
46
8
72
1448

M9K
RAMs
6
0
0
6
4
0
0
4
6
0
0
6
1
0
1
0
1
19

required to improve the timing for higher speed designs through
increased pipelining. Our proposed FPGA implementation of a
higher order state-of-the-art demosaicing algorithm has been
successfully realised, enabling the image quality to be
significantly improved for required applications.
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