Chapter 3

Saturation Based Image Dehazing and

its VLSI Architecture

3.1 Introduction

Hazy weather degrades the vividness of the images captured by real-time systems used
in applications such as object detection, remote sensing, surveillance systems, etc. This
deteriorates their performance. Hardware implementation of a real-time haze removal
system is imperative to solve these problems. Such a solution is proposed in this Chapter.
Here, a saturation-based hardware implementation of an image dehazing system is pre-
sented. A 15x15 window minimum filter is implemented to estimate atmospheric light
more precisely, which uses the down-sampled hazy image to estimate the atmospheric
light. In addition, a saturation-based transmission map estimation is employed, making
the proposed approach pixel-based rather than patch-based. Unlike existing patch-based
methods, the proposed method requires neither edge detection nor an image filtering unit
to suppress halo artifacts around edges. The VLSI architecture of the proposed dehazing
system comprises 7 pipelined stages. It is implemented on FPGA and ASIC (65nm tech-
nology node) platform. The performance of the proposed method is evaluated on various
image datasets using several key metrics, and the obtained results are presented in detail

in this Chapter.
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The organization of the Chapter is as follows. The background of the hazy image forma-
tion model, DCP, and saturation-based image dehazing is discussed in Section 3.2. VLSI
architecture of the proposed method is described in Section 3.3. Experimental results
and analysis are discussed in Section 3.4, and Section 3.5 presents the conclusions of the

Chapter.

Contributions of the proposed work

Hardware implementation of an image dehazing algorithm is mainly constrained by on-
chip memory, which is required to store image frames, and hardware resources required
to implement dehazing logic. Performing complex mathematical operations with minimal
logic resources without affecting the output image quality is challenging while implement-
ing any image dehazing algorithm on hardware. In this Chapter, we propose an image
dehazing method and its architecture based on DCP and saturation of hazy and haze-free
images. The proposed method estimates atmospheric light using the concept of the dark
channel and the transmission map using the saturation of hazy and haze-free images. The

key contributions of the proposed work are:

* A 15x15 size minimum filter architecture with moderate hardware resources is pro-

posed, which reduces the inaccuracy in the atmospheric light estimation.

* A saturation-based transmission estimation method is proposed in this work that
operates on a pixel-to-pixel basis and does not introduce artifacts around depth dis-
continuities. This eliminates the need for an edge-preserving filter to suppress arti-

facts.

* The VLSI architecture of the proposed method yielded a maximum throughput of
624 Mpixels/s when synthesized at 65-nm for ASIC implementation, which is fast
enough to process 3840 x2160 resolution at a rate higher than 70 fps with only 13.2k

logic gates count.
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3.2 Background

The most popular hazy image formation model widely used in machine vision is given by
(1.1). On rearranging (1.1) we get
H(z)— A

It would be an easy task to obtain dehazed image D using (3.1) if t and 4 were known. Here,
the only known quantity is H, which makes the dehazing problem ill-posed. However,
if some prior knowledge is applied to estimate unknown quantities in (3.1), the dehazing
process will be much simplified. Using the DCP technique, the dark channel of any image
I is given as

dark o . . c
177 () = yggg){ceg}gmf ()} (3.2)

where /¢ is R, G, B color channel of 7 and Q(x) is a local region or patch with a pixel
having coordinate x located at the center of the patch. If / is a natural haze-free image, the
dark channel of I resulting from two minimum operators has very low-intensity pixels,
which can be represented as

1% () = mi in I° — 0. 3.3
(z) yggg){ceg}gm ()} (3.3)

This is because, for outdoor natural images in a local region, some pixels have very low
intensity in one of the three color channels. Assuming A is known, on normalizing (1.1)

with 4 and obtaining dark channel of both sides of the normalized equation, we get

min {min T 1) i {min 0} 110

yeQ(x) ¢  Ac yeQ(x) ¢ Ac (3.4)
ce (R,G,B).
Since D is dehazed image and 4 is always positive, using the result of (3.3) we get
DC
min { min (y)} = 0. (3.5)

yeQ(z) ce(R,G,B) A
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Therefore, using (3.4) and (3.5) transmission can be obtained as

yeQ(z) | ce(R,G,B) A°

t(z) =1— min { min Hc(y)}. (3.6)

With the knowledge of 4, we can easily obtain 7 using DCP. However, (3.5) is not always
true. Moreover, transmission is not always constant within a local region or a patch, which
results in inaccurate transmission estimation using (3.6), especially when a patch com-
prises objects with different depths. This leads to halo artifacts, and some post-processing
techniques are required to mitigate them. Hence, scene restoration becomes a complex
task. In [57], patch size is reduced to 1x 1, which causes the transmission to vary from
pixel to pixel, making transmission estimation more realistic. Moreover, the assumption
of DCP presented in (3.3) and (3.5) is also discarded in [57]. Thus, with patch size of 1 x1

and using (3.4), transmission can be obtained as given below

1—< min H;(f)>
ce(R,G,B)

t(x) = .
1— : D'e(x)
<C€mm T )

(R,G,B)

3.7)

Since the actual dehazed image is unknown and we estimate the parameters of the dehazed
image, we have replaced the dehazed image D with an estimated dehazed image D’. For
any image M, if Sy/(x) denotes the saturation value of a pixel in A at some location x.

Then Sy () is defined as

Zs )
S S i A 3.8
Here, K/ (2) which denotes the intensity of a pixel in M located at x, is defined as
. MPE(x) + MC%(z) + MB(x
oy (@) = DA 2 M) (3.9)

3
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Using the result of (3.8) in (3.7) we get

1 Kya(@)(1— S ()
1= Kpm(z)(1 = Spm(@))

t(z) (3.10)

Kyn(z), Kpn(x), Spn(z) and Spr, () are obtained by normalizing H and D’ with respect
to A. Kp., () can be obtained in terms of Ky, () by normalizing (3.1) with respect to 4
as follows

Kpr(z) = i) + 1. (3.11)

Finally, when Kp/,(x) is substituted from (3.11) in (3.10), a simple linear equation is

obtained which on simplification and rearrangement yields ¢ as

tH(z) =1 — Kgn(z) <1 - %) . (.12)

Saturation and intensity values are used in [58] to estimate transmission, where a fitting
coefficient ¢ is introduced to control the degree of refinement of the initial transmission

map. This gives a modified transmission equation as

z)=1— w% (1 - g;’gg) . (3.13)

Once the transmission is estimated, scene recovery can be achieved using (3.1). However,
Spr, (x) is still an unknown quantity, and it is required to estimate transmission. In [57],
an approximate condition showing Sp, () > Sy, (x) was obtained which is sufficient for
haze removal. This approximation can be utilized to calculate Sy, () using the concept
of stretch functions. Thus, with the knowledge of 4, dehazing can be achieved easily
using saturation of the input hazy image. While DCP is a simple yet efficient method to
estimate atmospheric light, its hardware implementation is quite complex due to the large
size of the minimum filter (optimally 15X 15) and sorting of the top 0.1% brightest pixels
in the dark channel. In [69], [70], and [72], 4 is calculated using a 3x3 size minimum

filter, which makes their method susceptible to inaccurate estimation of A, resulting in
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Figure 3.1: Flow diagram of the implemented dehazing algorithm.

oversaturated recovered images.

The entire process of image dehazing using the above mathematical equations can be
represented in the form of a flow diagram, as shown in Fig. 3.1. It is also clear from
Fig. 3.1 that atmospheric light 4 should be known before the start of the dehazing pro-
cess. Saturation-based transmission map estimation efficiently represents fine textures
and edges in the recovered haze-free image, and hence, it is employed in the proposed

method.

3.3 The Proposed VLSI Architecture

A complete block diagram of the proposed dehazing architecture is depicted in Fig. 3.2.
There are seven pipeline stages in this architecture. First, the downsampled hazy image is
fed to the atmospheric light estimation unit through line buffers and a register bank. The at-
mospheric light estimation module performs 15x 15 minimum filter operation to estimate

atmospheric light 4 using the concept of DCP. This requires scanning of the downsampled
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Figure 3.2: Block diagram of the proposed VLSI architecture for dehazing.

image. Once the value of 4 is determined, the image normalization and saturation esti-
mation module calculates the saturation of hazy Sy, and haze-free image Sp, using the
normalized image. Saturation and normalized image pixel values are further sent to the
transmission estimation module, which calculates the reciprocal of the transmission . Fi-
nally, the scene restoration unit utilizes 4, H, and ¢ values to generate the haze-free image
D’. In this design, complex dividers are replaced with look-up tables to reduce hardware
cost. Pipeline registers (PR) are used to curtail the critical path length and transfer the

intermediate results from one stage to the next.

3.3.1 Atmospheric Light Estimation (ALE) Module

Single image dehazing is simplified if 4 had been known beforehand. A simple yet compu-
tationally intensive technique to estimate 4 is proposed in [37], which requires a minimum
filter with a large window size. Additionally, the sorting process is employed to estimate
A, which makes it unfit for hardware implementation. While estimating A, the technique
of [37] was adopted in [69] and [72] to obtain the dark channel. But, these hardware

architectures were presented with the following two changes:
(i) The minimum filter size was reduced to 3 x3 and

(ii) sorting process was eliminated.
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Figure 3.3: (a) 3x3 minimum filter operation is performed on the down-sampled hazy
image, and the result is stored in line buffers (b) 15x 15 minimum filter for the down-
sampled hazy image using 3 x3 minimum filter.

Consequently, the requirements for the number of line buffers and other hardware re-
sources have been reduced. It has also reduced the latency. However, with the smaller
size of minimum filter accuracy of (3.3) reduces, the dark channel becomes brighter, and
the recovered image gets oversaturated. A complex method is adopted in [71] to estimate
A where a threshold is computed using the gray level of the hazy image. Based on this
threshold value, the entire image is divided into bright and dark parts, and the average
weight of each part is further calculated to estimate A, thereby limiting the overall design
speed. In the proposed method, we use the concept of DCP [37] on down-sampled hazy
image H to compute 4. It provides a fair estimate of 4 and doesn’t affect the speed of
the overall architecture. Further, we propose to avoid sorting the top 0.1 percent of the

brightest pixels in the dark channel to reduce the execution time.
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In the proposed architecture, down-sampled hazy image H p is first fed to the ALE module
through line buffers (LB) and register bank (RB) as shown in Fig 3.2. Since the most
haze-opaque region in the hazy image gives a better estimate of 4, down-sampling the
hazy image by a small factor would still retain a sufficient haze-opaque region. A down-
sampling factor of 2 has been used, which reduces the size of the hazy image to half.
Consequently, the size of line buffers (LBs) required to store the image pixels for minimum

filtering has also been reduced to half.

A 15x15 window can be divided into twenty-five non-overlapping 3 x3 windows holding
pixel values of consecutive 15 rows and 15 columns. However, if an image is downsam-
pled by a factor of 2, each 3 x3 window will hold pixel information of alternate rows and
columns. Thus, only nine 3 x3 windows with alternate rows and columns are sufficient to
implement 15x15 window. Initially, in stages two and three, 3 x3 minimum filtering is
performed on the downsampled, hazy image in raster scan format. This is implemented
using two line buffers and a set of registers for each R, G, and B channel. The results of
33 minimum filtering are further stored in line buffers in stage three, as shown in Fig.
3.3(a). Once 3x3 minimum filtering results up to M15 and N15 are available in the line
buffers, 3 x3 minimum filtering is performed again in stages four and five, as shown in
Fig. 3.3(b). This requires five line buffers and a set of registers for each R, G, and B
channel. Further, a min3 operation is performed in stage six to determine the minimum
of all three color channels to obtain the dark channel of the hazy image. Finally, in the
run-time, the pixel in the hazy image that appears as the brightest pixel in the dark channel
is chosen as the atmospheric light, as shown in Fig. 3.4. It is assumed that the minimum
value of 4 cannot be less than 100, which is quite reasonable for hazy images. The size of
LUTs in stage two of the image normalization and saturation estimation module is reduced
with this assumption without any compromise in the performance of the proposed method.
This fact is verified experimentally on image datasets used for performance evaluation, as
discussed in Section 3.4. For an image of width w, 21 line buffers of size w/2 are required,
equivalent to 10.5 line buffers of width w. The architecture for estimating 4 is shown in

Fig. 3.4.
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3.3.2 Image Normalization and Saturation Estimation Module

The overall architecture of this module is shown in Fig. 3.5. Once 4 is available from the
ALE module in stage seven, H is normalized in all three color channels with its respective
A in stage two. Normalized hazy image is used to calculate the saturation of input hazy
image in stage three using (3.8). Further, the contrast stretch function [57] is employed
in stage four to estimate the saturation of the haze-free image D. From (3.11) and (3.12),
it can be easily derived that Sp/(xz) > Sy (z). A simple and hardware-friendly contrast

stretch function satisfying this condition is given below

Spi(x) = Sir(2)(2.0 — S (x)). (3.14)

Thus, the saturation information of a hazy image can be utilized to estimate the saturation
information of the haze-free image. While estimating the saturation value of the hazy
and haze-free images, mathematical and logical operations are performed such that the
saturation value of hazy and haze-free images is scaled to 12 bits to maintain accuracy
and prevent data loss for smaller values. Apart from (3.14), several other stretch functions
are also available. However, they require exponential functions to be implemented in
hardware, which is resource-consuming. Moreover, it is shown in [57] that the dehazing
outcome does not depend extensively on the choice of stretch function, which was also
verified experimentally on various image datasets discussed in the Section 3.4, before

choosing the contrast stretch function given by equation (3.14).

3.3.3 Transmission Estimation Module

Fig. 3.6 depicts the hardware architecture of this module. This module receives the nor-
malized pixel and saturation values from stage five’s image normalization and saturation
estimation module. This module calculates the reciprocal of transmission by reordering
(3.12) in stage six. The calculated value of transmission is further passed to the scene
restoration module in stage seven to obtain the dehazed image. To control the level of de-

hazing, a fitment factor ) is incorporated in (3.12) as given by (3.13). However, instead
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Figure 3.6: Architecture of transmission estimation module.
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Figure 3.7: Architecture of scene restoration module.

of'using a complex iterative procedure to find the optimum value of ¢/, it is fixed at 1.25 so
that hardware implementation becomes easy and recovered images are neither over- nor

under-dehazed.

3.3.4 Scene Restoration Module

This is the final module of the proposed dehazing method, and its architecture is shown
in Fig. 3.7. This module utilizes 4 and 1/t values along with H to restore the dehazed
image D’ using (3.1). In the last stage, i.e., stage seven, the output of the multiplier, which
represents the first term in (3.1), is scaled down to 12 bits and added to A to produce 8-bit

output.
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Figure 3.8: Restored images using different A. (a) Hazy images, (b) and (c) Restored
images with DCP using 3x3 and 15x15 size minimum filters, respectively. (d) Restored
images with the proposed method for 15x 15 size minimum filter.

3.4 Performance Evaluation and Results Analysis

This section consists of qualitative and quantitative performance evaluation of the pro-
posed dehazing architecture and its comparison with the existing hardware architectures.
Although several image dehazing methods have been published, only a few of them have
been implemented on hardware. The proposed work is aimed at developing an effective
method to dehaze images in real-time. Therefore, we selected those methods that were

implemented in hardware and compared their performance with the proposed method.

First, Matlab simulations were performed to determine an appropriate size of the minimum
filter window by experimenting with different window sizes starting from 3 x 3 to 15 x 15.
But, results for 3 x 3 and 15 x 15 size of minimum filters only are reported here. Initially,
the atmospheric light 4 was estimated using DCP [37] algorithm to restore images, and
results with 3 x 3 and 15 x 15 minimum filter are depicted in Fig. 3.8(b) and Fig. 3.8(c),
respectively. Next, the proposed method was used (detailed in Section 3.3) to estimate
atmospheric light 4 and repeated the experiments. The results with the proposed method
for 15 x 15 size of minimum filter are depicted in Fig. 3.8(d). It is clear from Fig. 3.8 that
when a 3 x 3 size minimum filtering window is used, the estimation of 4 is inaccurate.

Hence, the restored images are oversaturated.
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Figure 3.9: Test images used for quantitative performance evaluation.
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Figure 3.10: Bar plot of CIEDE2000 metric with the proposed method for 3 x3 and 15x 15
window minimum filter.

However, when images are restored using 4 with 15 x 15 size minimum filter, the output
of the proposed method looks more natural, and its visual quality is similar to that of the

DCP [37] method. Ten hazy images (whose ground truth is also available) were used from
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the publicly available and widely used SOTS dataset, which comprises indoor and outdoor
synthetic hazy images, and the NYU dataset, which comprises indoor images of varying
depths, to perform quantitative analysis of the proposed design. These test images are
shown in Fig. 3.9. CIEDE2000 metric represents color fidelity in the recovered image,
and a lower value of CIEDE2000 implies less color difference between the recovered
image and ground truth. The proposed method was used to compute CIEDE2000 for
these test images with window sizes starting from 3 x 3 to 15 x 15. But, bar chart plot
for 3 x 3 and 15 x 15 size of minimum filters only are presented in Fig. 3.10. It can
be observed from Fig. 3.10 that a smaller window size (i.e., 3 x 3) has resulted in a
higher value of CIEDE2000 index for most of the test images because 3 x 3 size minimum
filter overestimates the value of 4. On the contrary, color fidelity in the restored images is
better for most of the test images with the minimum filter of size 15 x 15. Further, with
15 x 15 size minimum filter, the CIEDE2000 value doesn’t differ much for the original and
downsampled hazy image as shown in Fig. 3.10. This shows that estimation of 4 doesn’t
get affected even if the image is downsampled, and better estimation is possible with larger
window size, as mentioned in [37]. Moreover, downsampling the hazy image reduces
scan time to estimate A4, and the proposed method requires only w/2xh/2 clock cycles to
estimate 4 while methods [69], [71] and [72] require almost w x h clock cycles to estimate
A. Therefore, the proposed hardware implementation uses a downsampled version of the

hazy image and 15 x 15 size of minimum filters.

Next, existing methods [69], [70], [71] and [72] were selected as they were implemented
in hardware. Their algorithm was implemented in MATLAB, and their performance was
compared with that of the proposed dehazing algorithm. Finally, the proposed algorithm
was implemented on FPGA and ASIC platforms. Fig. 3.11 shows the visual results ob-
tained on various hazy images from the standard datasets. It is clear from Fig. 3.11 that
the images recovered using methods presented in [69], [71], and [72] suffer from over-
saturation, especially in the sky region. This is due to the overestimation of atmospheric
light resulting from a small size minimum filter which is used to obtain the dark channel.

Moreover, the method of [71] performs over-dehazing in the sky region, as can be seen in
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Figure 3.11: Simulation results of recovered images obtained with different haze removal
methods. (a) Hazy image. (b) Results with[69]. (c) Results with [70]. (d) Results with
[71]. (e) Results with [72]. (f) The proposed method. (g) Ground truth.

the result of image 2 depicted in Fig. 3.11(d). Indoor images recovered using the proposed

method are also smoother than existing ones.

Quantitative performance evaluation was carried out by computing peak signal-to-noise
ratio (PSNR), structural similarity (SSIM), and CIEDE2000 metrics of the dehazed image
to the ground truth in MATLAB on all the images in SOTS [102], NYU and O-HAZE [103]
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datasets and the results are presented in Table 3.1, Table 3.2 and Table 3.3. A higher value
of SSIM implies that the structural information of the recovered image is well preserved by
the dehazing technique. From the results obtained in Table 3.1, Table 3.2 and Table 3.3, it
can be observed that the proposed dehazing architecture produces superior results than the
existing hardware architectures. Moreover, the result of the proposed method is compa-
rable to the state-of-the-art deep learning methods except for the PSNR and SSIM results
of [63], which performs the best on the SOTS dataset. However, their results on NYU
datasets are unavailable. Further, deep learning-based methods require high-performance
GPUs and processors for their implementation, which is quite impractical for real-time
applications. For real-time analysis, the proposed as well as the existing methods were
tested using MATLAB on Intel’s i17-9700 @ 3 GHz processor with 8§ GB RAM, and the
execution time for different image sizes is presented in Table 3.4. It is clear from these
results that the proposed method performs much better than the methods [69], [71] and
[72]. However, method [70] is the fastest because it does not use the dark channel before

estimating atmospheric light.

The proposed dehazing architecture is designed using Verilog and implemented on ZynQ7
XC77020CLG484-1 FPGA using AMD-Xilinx Vivado Design Suite. FPGA implemen-
tation results of the proposed design are presented in Table 3.5. These results show that
the proposed design consumes only 1537 logic elements (LEs) and operates at 85.2 MHz.
Though the method of [70] consumes the least LEs and can operate at 116 MHz, due to dy-
namic atmospheric light estimation, it may result in discontinuous layers in the recovered
images, which degrades the quality of the recovered image, as can be seen in the result of
image 4 shown in Fig.3.11 (c). Methods [69], [70] and [72] have used Intel (Altera) FPGA
manufactured at a higher technology node with LEs as basic building blocks, whereas the
proposed architecture is implemented using Configurable Logic Blocks (CLBs) present
in the AMD-Xilinx FPGA. The size and complexity of these building blocks (LEs and
CLBs) differ from one another. Further, the existing architectures were implemented us-

ing a different (Quartus) design suite.

46



CHAPTER 3. SATURATION BASED IMAGE DEHAZING AND ITS VLSI

ARCHITECTURE

08TK'ST  8019'1T SS8T6L 19ST'LL 00I1T0T | 009L°61 0080°SL 00L8°91 | AZVH-O
PI89'ST  68YS9l TICTLI SEI0°81 ¥TI6'SI | L6vy'Ll 820991 TSLS'ST | NAN
ILYS'L 912011 TIOI'TI 88SE'0l 96786 | 166L°01  TYLY'L 18¥8'8 | SLOS
pasodoadoyy,  [z.] [1.] lo.] l69] [19] [09] 2] I
a

$3.1N))1YdIE [STTA spoyiow gurwaed] doa(q

omaw )00zZAAA1D Sursn spaserep 47ZVH-O PUe ‘NAN ‘SLOS U0 uostredwod aouetlio)od €°¢ d[qe].

[I¥7°0 ST TOTE0 €LET S9SH0 S8'EI €€TH0 09°ST  TOSE0 LEVI | OLEF'O FI'LT 0110 0€SI | AZVH-O
9SE€L'0 IL'TL  6889°0 S8'I1  TTP9'0 9801 TIS9'0 OI'II  €TL9°0 I+ 11 | 000L°0 9T'TI  SLIL'0 ¥8TI | NAN
INISS ANSd JNISS UNSd JNISS UNSd JNISS UNSd JNISS UNSd | WISS dANSd JAISS ANSd
pasodoad ay T, [zL] (1. lo.l [69] [19] [65]

SAINIINIYIIE [STTA spoyjouw guruied] daa(q

‘soLew NISS pue (gp ur) YNSd Suisn 1aseiep 4ZVH-O pue N AN UO Spoyiow Suizeyap snouea Jo uosuedwod 9ouetIoflod (7€ 9[qel.

ISS8°0 S0°0T T80L0 T€9T 6C0L0 9L°ST  696L°0 TE€LTI 9C080 €981 | I€EK6'0 €TPT ¥E98°0 8961 €6¥8°0 08°IC a5eraAy
0I€8°0 8981 HOLL'O 60°LLI 96¥L°0 091 L69L0 €€91 €€6L°0 TV'8I - - 0S80 90°61 CTL¥V80 ¥I'IT (100punS 1OS
16L8°0 T 1T 6S¥9°0 €S°SI  T9S9'0 €CSI  I¥#C80 6C81 0CI80 €881 - - $9/8°0 6707 +1S8°0 9tz | (1oopInQ) SLOS
JAISS UNSd JAISS UNSd JAISS UNSd JAISS UNSd JAISS UNSd | INISS dANSd JAISS dNSd JAISS ¥UNSd
pasodoad ay, [zL] (1] lo] [69] [¢9] [09] [6¢]

$AINPINIYIIE [STTA spoyjowr gutwaed] dod(q

"SoLaW AISS pue (gp ur) YNSd Suisn jaseiep S1OS U0 spoyjouw Juizeyap snoLieA Jo uostiedwod 9oUuewIO)Idd °¢ d]qe].

47



CHAPTER 3. SATURATION BASED IMAGE DEHAZING AND ITS VLSI
ARCHITECTURE

Table 3.4: Execution time requirements (Unit: seconds).

Architecture Image size
550x413 832x776 1165x709 1800x1574
[69] 0.062 0.183 0.242 0.967
[70] 0.002 0.005 0.008 0.036
[71] 0.078 0.238 0.316 1.102
[72] 0.086 0.262 0.344 1.292
The proposed 0.028 0.091 0.128 0.545

Table 3.5: FPGA implementation results.

Architecture [69] [70] [72] The proposed
Family Stratix Stratix Stratix Zynq7000
Device EP1S10F780C6 EPIS10F780C6 EP1S10F780C6 XC7Z020CLG484-1
No. of LEs’ 1607 1094 3169 1537*
Registers 454 539 651 547
Frequency (MHz) 58.43 116 58.82 85.2
Throughput (Mpixels/s) 58.43 116 58.82 85.2
Line buffers 6 6 6 10.5

"The logic elements (LEs) of Xilinx and Intel FPGAs are different from each other.
* Total LUT count

ASIC implementation of the proposed architecture is also carried out using the Synopsis
Design Vision tool at 65nm CMOS technology node, and results are presented in Table
3.6. Since design [69],[71] and [72] is synthesized at 130 nm, we have also normalized

our ASIC implementation results to 130 nm [73] for fair comparison as follows

65
Scaling factor x = nm , (3.15)
130nm
frequencyizonm = frequencyesnm X X, (3.16)
1
Powerisonm = Powergspm X =z (3.17)
130
Scaling factor y = nm) (3.18)
180nm
frequencyISOnm = frequencylimnm X, (319)
1
Powerigonm = Powerisgnm X ); (3.20)

ASIC implementation results show that the proposed design comprises only 13.2k gates
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Table 3.6: ASIC implementation results.
Architecture [69] [71] [72] 174] The proposed
CMOS Technology 130nm  130nm 130nm 180nm 65nm
Gate count (K) 12.8 23.7 18.6 14.4 13.2
Frequency (MHz) 200 200 200 250[346]* 624[312]*

Throughput (Mpixels/s) 200 200 200 250[346]* 624[312]*
Power @ 200MHz (mW)  11.9 13.4 NA  15.2[7.88]* 2.62[10.48]*
Power delay product (pJ)  59.5 67 NA 22.77* 33.59*

* Normalized to 130nm

and can operate at 624 MHz, consuming only 2.62 mW power at 200 MHz. Although the
gate count of the proposed design is higher than that of [69], it can operate at a higher
frequency and consumes less power than the rest of the designs, except [74], which is
more power efficient and can operate at a higher frequency. However, the power and
speed of the proposed architecture are comparable to that of [74] with a lower gate count.
Despite using a 15 x 15 size minimum filter, the hardware cost and the computation time
of the proposed design haven’t increased significantly. This is the main advantage of the

proposed design.

3.5 Concluding Remarks

This Chapter presents a 7-stage pipelined image dehazing architecture based on DCP and
saturation of the input hazy image. The proposed dehazing architecture estimates atmo-
spheric light based on the concept of DCP using an optimum-sized minimum filter. Fur-
ther, the proposed dehazing architecture utilizes saturation-based transmission map es-
timation. So, it works on a pixel-to-pixel basis, thereby eliminating the requirement of
an edge detection and image filtering unit, further reducing the hardware cost and sup-
pressing halo artifacts around the edges. Although some extra line buffers are consumed
compared to other existing methods, the qualitative and quantitative results obtained with
the proposed method are superior to those implemented on hardware platforms except
[74]. Although the qualitative results of [74] are not available, the proposed architecture’s
hardware implementation results are comparable to [74]. The results of the ASIC imple-
mentation show that this method can easily process 4k (3840x2160) resolution frames

at a rate higher than 70 fps, making it a preferred candidate for real-time image dehaz-
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ing applications such as remote sensing, advanced driver assistance system (ADAS), etc.
However, the performance of this design is inefficient under dense hazy conditions like
other existing image dehazing hardware architectures. Thus, there is a scope to mitigate

this problem.
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