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I. I NTRODUCTION

III. E XPERIMENTS

The 2-D median ﬁlter, one of the oldest and most wellestablished image-ﬁltering techniques, still sees widespread
use throughout computer vision. Despite its relative algorithmic simplicity, accelerating the 2-D median ﬁlter via a
hardware implementation becomes increasingly challenging as
the window size increases, since the resources required grow
quartically with the window size. Previous works, in a nonFPGA context, have shown that separately applying several
directional median ﬁlters to an image, and then taking the
median of their results, yields performance that is competitive
with, and in some cases even better than, that of a classic 2-D
window median. Inspired by these approaches, we propose a
novel way of substituting a 2-D median ﬁlter on an FPGA with
a sequence of directional median ﬁlters, in our case arranged
as a pipeline, in the pursuit of an FPGA implementation that
achieves better scalability and hardware efﬁciency without
sacriﬁcing accuracy. We empirically show that the combination
of three particular directional ﬁlters, in any order, achieves this,
whilst requiring quadratically fewer resources on the FPGA
and allowing for much higher throughput.

We compare numerous different sequences of directional medians with a standard 2-D median ﬁlter on an augmented
version of the black-and-white Kodak Lossless True Color
Image Suite [1]. Each possible permutation of the six basic
ﬁlters, up to a sequence length of four ﬁlters, was tested
for window sizes ranging from 3 × 3 to 15 × 15 (we only
show up to 11 × 11 below for space reasons). We made 77
targets from each 3072 × 2048 image in the dataset by adding
different amounts of zero-mean Gaussian noise to a fraction
of its pixels in “salt and pepper” fashion. We evaluated each
median ﬁlter variant (ﬁlter sequence/window size) on each
target and used the results to compute a score for each variant.
Let Vn be the set of all n × n median ﬁlter variants we
consider, T be the set of all targets, and MSE(v, t) denote
the mean-squared error between the result of ﬁltering t ∈ T
with variant v ∈ Vn and the base image from which t
was originally derived. We deﬁne the normalised MSE of
v on t as NMSEn (v, t) = MSE(v, t)/ minv ∈Vn MSE(v  , t).
The overall performance Sn (v) of v on the dataset can
then be deﬁned
as the average NMSE over all targets, i.e.

Sn (v) = ( t∈T NMSEn (v, t))/|T |. The smaller Sn (v) is, the
better the overall performance of v for its window size (clearly
the smallest Sn (v) can be is 1).

II. M ETHOD
We adapt classic non-FPGA works on multi-pass ﬁltering to
suit the FPGA context, with the key novelty being the use
of a sequential pipeline in place of the original ‘medianof-medians’ architecture. To demonstrate the effectiveness
of our approach, we consider all possible sequences of the
six directional medians shown in the ﬁgure, and compare
their performance to that of a classic 2-D median. We show
experimentally that any permutation of a +-patterned median,
a column median and a row median outperforms a 2-D
median, whilst achieving the aforementioned resource usage
and throughput gains.

IV. R ESULTS
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