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ABSTRACT

In the era of miniaturization, designing an energy-efficient, high-quality image processing
system for portable devices is a challenging task. Image processing and VLSI design are
the two domains that can contribute toward achieving this goal. Images are often cor-
rupted because of various types of noise during the different stages of image processing,
from image acquisition to display. One of the widely occurring noises is the salt and pep-
per noise, which can be removed using median filtering. Median filtering preserves the
edges, but it does not provide any smoothing effect. The visually appealing smoothing
effect is very much essential in digital cameras nowadays. Anisotropic diffusion filters are
well known for their smoothing effect with edge preservation. The foundational aniso-
tropic diffusion filter, Perona & Malik anisotropic diffusion (PMAD), can remove Gaussian
noise with edge preservation, but it failed under the perturbation of the salt and pepper
noise. According to the literature, many anisotropic filters developed over decades for the
removal of the salt and pepper noise from PMAD resulted in significantly higher hardware
complexity compared to PMAD. The first-order robust anisotropic diffusion filter (FORADF)
is well-suited for removing high-density salt and pepper noise with edge preservation and
smoothing properties. The hardware complexity of FORADF is also much lower than PMAD.
In this paper, the hardware implementation of PMAD and FORADF is discussed. RTL netlist,
schematic view, and synthesis reports of both filters are generated using Xilinx Vivado
2023.1 and the Genus tool of Cadence. The comparison of the filters is conducted quan-
titatively and qualitatively. The comparative analysis undertaken in this paper shows that
FORADF is well-suited for low-power, real-time applications.
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INTRODUCTION

With the increasing demand for compact and low
complexity image processing systems in portable
devices, the hardware implementation of image denois-
ing algorithms has gained significant importance. In
digital image processing, denoising of images has been
a major concern. A lot of research has been done to
develop filters that effectively reduce noise without
sacrificing the important aspects of the image, such as
textures and edges. Images may be corrupted because
of the occurrence of various types of noise, such as
Gaussian noise, Impulse noise, speckle noise, and so on.

7o [

Gaussian noise can be removed using linear filters such as
the mean filter and the Gaussian filter,[" which are sim-
ple and fast, but they do not provide considerable edge
preservation, resulting in extremely blurred images. In
order to overcome these drawbacks, nonlinear filtering,
such as the median filter,[? was introduced. Nonlinear
filters are used to suppress impulse noise and speckle
noise by retaining the edge information intact. The salt
and pepper noise is a kind of impulse noise that may
occur during the process of image acquisition, image
transfer, and image retrieval. The literature has proven
the effectiveness of median filters in reducing the salt
and pepper noise, and the nonlinear filters preserve
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edges better than linear filters. However, the perfor-
mance of the median filter is degraded significantly in
the presence of high-density noise and across uniform
sections in the image. Therefore, in real-time applica-
tions, a filter that can suppress noise as well as provide
smoothing with edge preservation is desirable. Recent
development trends to improve accuracy and robustness
include fuzzy logic principles,i®! decision-based algo-
rithms,” and adaptive median filters.®! Despite these
developments, the majority of these techniques may
not be well-suited for implementation on real-time hard-
ware because of their increased complexity or wide pro-
cessing windows. ¢

Partial differential equation (PDE) techniques gained
popularity because of their powerful edge-preserving
and smoothing properties. Perona & Malik anisotropic
diffusion (PMAD), originally developed by Perona and
Malik, is a PDE-based method that iteratively optimizes
the image by diffusing pixel intensities directionally.'®
PMAD is well recognized for its ability to perform
selective smoothing; that is, diffusion will occur on
the regions of uniform pixel values while the edges
are preserved. Its capacity to preserve edges and fine
details, and the ability to effectively eliminate noise,
render it extremely applicable in medical imaging, sur-
veillance, and remote sensing. The major drawback of
anisotropic diffusion is the inefficiency of the algorithm
under impulse noise perturbations. PMAD is the foun-
dational anisotropic diffusion filter which serves as the
basis for all other research developments in the class
of anisotropic diffusion filters. According to the litera-
ture, many anisotropic diffusion filters, which are capa-
ble of suppressing the salt and pepper noise to some
extent with larger computational complexity, have
been suggested."'! The computational intensity of
these anisotropic diffusion filters is the major challenge
toward real-time implementations.

A robust diffusion smoothing filter with low computa-
tional complexity has been developed.'”! The first-order
robust anisotropic diffusion filter (FORADF) performs
exceptionally well in Gaussian, impulse, and mixed noise
scenarios. The inherent computational simplicity of the
FORADF model is important for efficient VLS| implemen-
tations. Developing efficient VLSI architecture for real-
time portable devices is a growing research area.l'#?2

In this paper, we propose VLS| architecture for the
foundational PMAD and the low complexity FORADF.
Further, a comparative study of the filters is performed
based on the cell report, power report, and timing
report. Section Il provides an overview of PMAD and
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the VLSI implementation of PMAD. Section Ill provides
an overview of FORADF and its VLSI implementation. A
Comparative analysis of PMAD and FORADF is given in
Section IV. Finally, the conclusion of the paper is given
in Section V.

PMAD FILTER

Perona & Malik (1990) introduced an anisotropic diffu-
sion filter, PMAD, in which the diffusion coefficient is
not a constant; instead, it is a function of directional
gradients, V,|. The diffusion function is represented as
8(V,l), where D represents the north (N), south (S), east
(E), and west (W) directions. The direction-dependent
diffusion makes the filter anisotropic. This PMAD is effi-
cient for the removal of Gaussian noise, but it fails in
the presence of salt and pepper noise.

The numerical solution of the PMAD filter is expressed
as

I =17+ AL 8(VNT) Vil + 8(Vl) Vil + 8 (Vel) Vel + (V1) Vi |
(1)

where I,.'_'j represents the pixel value of the center pixel
in a 3x3 window before filtering, A is a constant, i,j
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Fig. 1: A flowchart representing the computational
steps involved in PMAD.
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represent the spatial coordinates of the image pixel, l;f;1 represents the updated pixel value of the center
and n represents the number of iterations. pixel after filtering.

. i : (~(vorkY) .
VI, Vd, V, and V, I and represent the directional gra- The diffusion function, (VDI) =e , where K is a
dients along the north, south, east, and west directions constant.

of the center pixel .
Figure 1 shows a flow chart which represents the

vl =1", ; _/fj’...vS/:/i'11j_/i’7j step-by-step computational process involved in PMAD.
o ' I”. o ' ,,; Figure 2A shows the register transfer level (RTL) net-
Vel =lija=lij-Vwl=hjq=1h; list of the PMAD filter generated using the Xilinx Vivado
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Fig. 2: (A) The RTL netlist of PMAD filter generated using the Xilinx Vivado 2023.1 tool consists of 44 cells,
89 1/0 ports, and 587 nets. (B) The schematic of PMAD filter generated using the Genus tool in the The Cadence
EDA tool consists of 4414 cells and 33851.595 pm? cell area.
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2023.1 tool, which consists of 44 cells, 89 1/0 ports,
and 587 nets. The 44 cells include adders (RTL_ADD),
subtractors (RTL_SUB), multipliers (RTL_MULT), divid-
ers (RTL_DIV), arithmetic right shift (RTL_ARSHIFT),
arithmetic left shift (RTL_ALSHIFT), and registers (RTL_
REG). Figure 2B shows the schematic representation of
the PMAD filter generated using the Genus tool in the
Cadence EDA tool, in which the red color represents the
functional cells and the green color lines represent the
interconnections among various cells.

FORADF ANIsoTROPIC DIFFUSION FILTER

Since the PMAD filter is not performing well under the
perturbation of the salt and pepper noise, a new filter
is modelled, and its performance is satisfactory even
under the perturbation of high-density salt and pep-
per noise. The filter is designed with a reduced num-
ber of computational operations, such as addition and
multiplication. Therefore, FORADF is a low-complexity
filter. The median operation in the diffusion equation
removes the salt and pepper noise inherently with
image smoothing. The low-complexity FORADF pro-
vides image smoothing, edge preservation, and noise
suppression.

The numerical solution for FORADF is

Median( Vi, Vl, Vel, Vi 1)

" n n | n n |
Ii—1.j - Ii.j’ ’,;1,]- _Ii-J"
mn, . -1" mn, .=
LN . i T
MY ="+ ag{Median| 7 77|\ .Median| "7
1.] 1.] [” _[” In _ In
ij+ i i " lijs
n n n n
_Ii.j—1 - Ii.j’_ _Ii.jf1 _Ii-i’_

(2)
where the diffusion function g(.) o~ (Median(Vyl, Vel, Vel, vyl )/2),
and A is a constant. The exponential diffusion function is
a function of the median of the directional gradients.

Figure 3 shows a flow chart which represents the step-
by-step computational process involved in FORADF.
Figure 4a shows the RTL netlist of the FORADF filter
generated using the Xilinx Vivado 2023.1 tool, which
consists of 25 cells, 74 1/0 ports, and 252 nets. The 44
cells include adders (RTL_ADD), subtractors (RTL_SUB),
multipliers (RTL_MULT), arithmetic right shift (RTL_
ARSHIFT), asynchronous registers (RTL_REG_ASYNC),
and a median (median4). Figure 4b shows the schematic
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Fig. 3: A flowchart representing the computational
steps involved in FORADF.

representation of the PMAD filter generated using the
Genus tool in the Cadence EDA tool, in which the red
color represents the functional cells and the green color
lines represent the interconnections among various
cells.

RESULTS AND DISCUSSION

A comparative analysis of the PMAD and FORADF filters
is discussed in this section. The mathematical models of
the PMAD and FORADF filters are converted into Verilog
HDL (Hardware Description Language), and the filters
are synthesized using the Xilinx Vivado 2023.1 and using
the Genus tool of the Cadence EDA platform. The RTL
netlist view of the filters generated by the Xilinx Vivado
2023.1 synthesis tool is shown in Figure 2a and Figure
4a for PMAD and FORADF, respectively. A comparative
analysis of the RTL netlist is performed in terms of the
number of cells, 1/0 ports, and interconnections, and
is shown in Figure 5. It is evident from the comparison
that the FORADF is less complex than PMAD. The sche-
matic of the filters generated by the Genus tool of the
Cadence EDA platform is shown in Figure 2b and Figure
4b for PMAD and FORADF, respectively. It is clear from
the schematic that the FORADF filter is much simpler
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Fig. 4a: (A)The RTL netlist of the FORADF filter generated using the Xilinx Vivado 2023.1 tool consists of
25 cells, 74 1/0 ports, and 252 nets. (B) Schematic of the FORADF filter generated using the Genus tool in the
Cadence EDA tool consists of 944 cells and 7273.052 pm? cell area.
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Fig. 5: Comparison of PMAD and FORADF based on
the RTL netlist.

in terms of the number of cells and interconnections
as compared to PMAD. The cell report, the power
report, and the area reports are also generated using
the Genus synthesis tool. Figure 6 and Figure 7 show
the cell reports of PMAD and FORADF, respectively. The
total number of cells and area required for PMAD are
4414 and 33851.595, respectively. Similarly, the total
number of cells and area required for FORADF are 944
and 7273.052, respectively. The total number of cells
and the area required for FORADF is much lower than
PMAD. The power reports of PMAD and FORADF are
shown in Figure 8 and Figure 9. The power report pro-
vides consumption details of leakage power, internal
power, and switching power of the filters. The leakage
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Generated by:
Generated on:
Module:

Genus(TM) Synthesis Solution 21.14-s5082 1
Jun 23 2025 04:40:56 am
anisotropic_diffusion

Technology library: slow
Operating conditions: slow (balanced_tree)
Wireload mode: enclosed
Area mode: timing library
Instance Module Cell Count Cell Area Net Area Total Area Wireload
anisotropic_diffusion 4414 33851.595 0.000 33851.595 <none> (D)

(D) = wireload is default in technology library
Fig. 6: Cell report of PMAD.

Generated by:
Generated on:
Module:

Genus (TM) Synthesis Solution 21.14-s082_1
Jun 23 2025 03:06:15 am
pixel_update_squared

Technology library: slow
Operating conditions: slow (balanced_tree)
Wireload mode: enclosed
Area mode: timing library
Instance Module Cell Count Cell Area Net Area Total Area Wireload
pixel_update_squared 944 7273.052 0.000 7273.052 <none> (D)

(D) = wireload is default in technology library
Fig. 7: Cell report of FORADF.

Instance: /anisotropic_diffusion
Power Unit: W

PDB Frames: /stim#0/frame#0
Category Leakage Internal Switching Total Row%
memory 0.00000e+00 0.00000e+00 0.00000e+00 ©0.00000e+00 0.00%
register 1.47433e-06 2.78020e-04 0.00000e+00 2.79494e-04 1.93%
latch 0.00000e+00 0.00000e+00 0.00000e+00 ©0.00000e+00 0.00%
logic 1.38265e-04 8.93169e-03 5.14369e-03 1.42136e-02 98.00%
bbox 0.00000e+00 0.00000e+00 0.00000e+00 ©0.00000e+00 0.00%
clock 0.00000e+00 0.00000e+00 1.06920e-05 1.06920e-05 0.07%
pad 0.00000e+00 0.00000e+00 0.00000e+00 ©0.00000e+00 0.00%
pm 0.00000e+00 0.00000e+00 0.00000e+00 ©0.00000e+00 0.00%
Subtotal 1.39740e-04 9.20971e-03 5.15438e-03 1.45038e-02 100.00%
Percentage 0.96% 63.50% 35.54% 100.00% 100.00%
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Instance: /pixel update squared
Power Unit: W

PDB Frames: /stim#0/frame#0
Category Leakage Internal Switching Total Row%
memory 0.00000e+00 0©0.00000e+00 0.00000e+00 0.00000e+00 0.00%
register 1.60723e-06 3.59910e-04 0.00000e+00 3.61517e-04 7.42%
latch 0.00000e+00 0.00000e+00 0.00000e+00 0.00000e+00 0.00%
logic 2.69163e-05 2.85104e-03 1.62308e-03 4.50104e-03 92.36%
bbox 0.00000e+00 0©0.00000e+00 0.00000e+00 0.00000e+00 0.00%
clock 0.00000e+00 0.00000e+00 1.06920e-05 1.06920e-05 0.22%
pad 0.00000e+00 0©0.00000e+00 0.00000e+00 0.00000e+00 0.00%
pm 0.00000e+00 0©0.00000e+00 0.00000e+00 0.00000e+00 0.00%
Subtotal 2.85235e-05 3.21095e-03 1.63377e-03 4.87324¢-03 100.00%
Percentage 0.59% 65.89% 33.53% 100.00% 100.00%

Fig. 9: Power report of FORADF.

power, internal power, and switching power consump-
tion of PMAD is 0.13974 mW, 9.20971 mW, and 5.15438
mW, respectively. Similarly, the leakage power, internal
power, and switching power consumption of FORADF
is 0.02852 mw, 3.21095 mW, and 1.63377 mW, respec-
tively. The total power consumed by FORADF is 4.87
mW, which is significantly less than the total power con-
sumed by PMAD, which is 14.50 mW. The timing reports
of PMAD and FORADF are shown in Figure 10 and Figure
11, respectively. The total path delay for PMAD is 1398
ps, whereas that for FORADF is 1451 ps. Slack is posi-
tive for both PMAD and FORADF, and their slack values
are 602 ps and 549 ps, respectively. Therefore, from the
timing perspective, both designs met timing constraints
with a positive slack.

Figure 12 shows the qualitative and quantitative per-
formance of PMAD and FORADF at two different noise
densities. The simulations are performed on MATLAB
R2025a. The salt and pepper noise at 20% and 50%
noise densities are considered for comparative analy-
sis. Both filters are iterated only once, and A = 0.25.
The performance metrics peak signal-to-noise ratio
(PSNR) and structural similarity index (SSIM) are cal-
culated. The inherent median filtering property of
FORADF made it more suitable for the suppression
of the salt and pepper noise with image smoothing.
The smoothing effect of anisotropic filters becomes
more evident as the number of iterations increases.
The superior performance of FORADF is evident in
Figure 12.

A summary of the comparative analysis of the PMAD
and FORADF implementations is shown in Table 1. The
mathematical modelling of PMAD is given in Equation
(1), and the mathematical modelling of FORADF is given
in Equation (2). A deeper comparative analysis of these
two equations reveals that the number of computational
operations, mainly the number of additions and multi-
plications, required in PMAD is significantly higher than
FORADF. Therefore, the total cell count, cell area, and
power consumption are in turn reduced in the imple-
mentation of FORADF as compared to PMAD (Table 1).
The comparative analysis of PMAD and FORADF in terms
of the number of computational operations, the total
cell count, cell area, total power consumption, total
path delay, slack value, and the performance metrics
(PSNR and SSIM) proves that FORADF is more suitable for
VLS| implementation in comparison with PMAD. FORADF
meets the two desirable requirements for VLSI imple-
mentation, reduced area and low power consumption,
and hence, it can be considered as a suitable filter for
real-time image processing applications.

CONCLUSION

The anisotropic diffusion filters PMAD and FORADF are
discussed in detail. The RTL netlist for both filters has
been generated using Xilinx Vivado 2023.1, and the
results are compared. The schematic and synthesis
reports for both the filters, PMAD and FORADF, are gen-
erated. A comparative analysis of the filters has been
conducted based on the cell report, power report, and
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Bl

Generated by: Genus(TM) Synthesis Solution 21.14-s5082_1

Generated on: Jun 23 2025 04:40:56 am

Module: anisotropic_diffusion

Technology library: slow

Operating conditions: slow (balanced tree)

Wireload mode: enclosed

Area mode: timing library

Pin Type Fanout Load Slew Delay Arrival
(fF) (ps) (ps) (ps)
(clock clk) launch 0 R
updated pixel reg[0]/CK 800 +0 O R
updated_pixel _reg[0]/Q DFFQXL 1 0.0 26 +398 398 F
updated pixel[0] <<< interconnect 26 +0 398 F
out port +0 398 F
(constraints_top.sdc_line 5 15 1) ext delay +1000 1398 F
(clock clk) capture 2000 R
Cost Group : 'clk' (path_group 'clk')
Timing slack : 602ps
Start-point : updated_pixel reg[0]/CK
End-point : updated_pixel[0]
Fig. 10: Timing report of PMAD.

Generated by: Genus(TM) Synthesis Solution 21.14-s5082 1|

Generated on: Jun 23 2025 03:06:15 am

Module: pixel_update_squared

Technology library: slow

Operating conditions: slow (balanced_tree)

Wireload mode: enclosed

Area mode: timing library

Pin Type Fanout Load Slew Delay Arrival
(fF) (ps) (ps) (ps)
(clock clk) launch 0 R
updated pixel_reg[0]/CK 800 +0 0 R
updated pixel reg[0]/Q DFFRHQX1 1 0.0 25 +451 451 F
updated_pixel[0@] <<< interconnect 25 +0 451 F
out port +0 451 F

(constraints_top.sdc_line_6_15 1) ext delay +1000 1451 F
(clock clk) capture 2000 R
Cost Group : 'clk' (path_group 'clk')
Timing slack : 549ps
Start-point : updated pixel reg[0]/CK
End-point : updated pixel[0]

Fig. 11: Timing report of FORADF.
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Method/Noise 20% Salt and Pepper Noise

Density
PMAD
PSNR =29.2824;
SSIM =0.9993
FORADF

PSNR = 33.0442;
SSIM = 0.9999

50% Salt and Pepper Noise

PSNR = 27.0938;
SSIM = 0.9975

PSNR = 27.0739;
SSIM = 0.9982

Fig. 12: Performance of PMAD and FORADF on Lichtenstein test image for 20% and 50% salt
and pepper noise densities.

Table 1: Summary of comparison between PMAD and FORADF implementations.

Parameters Cell Cell Area Total Power Total Path Slack Value PSNR for 20% SSIM for 20%
Count (um?) (mW) Delay (ps) (ps) S & P noise S & P noise

PMAD 4414 33851.595 14.5 1398 602 29.2824 0.9993

FORADF 944 7273.052 4.87 1451 549 33.0442 0.9999

timing report. Moreover, a performance comparison of
the filters on a test image under the perturbation of
salt and pepper noise at 20% and 50% noise densities is
conducted. In terms of performance, power consump-
tion, and complexity, FORADF is a more suitable choice
for low-power, real-time applications. Furthermore, the
same kind of comparative analysis can be conducted on
any filter of our choice, and it will help implement them
in real-time applications.
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