


































































































































































































CHAPTER 3. RETINEX-BASED ENHANCEMENT AND HAZE REMOVAL
WITH FPGA IMPLEMENTATION 3.4. PROPOSED ARCHITECTURE

FPGA realization at a low overhead resource cost.

i = log (I) ; I: input
l = log (L) ; L: illumination/transmission
j = log (J) ; J : reflectance/haze-free image

where, in the case of image enhancement,

J(x) =
I(x)� A
T (x)

+ A;

j(x) = i(x)� l(x)

J(x) = exp(�l(x)) I(x); (3.4.4)

and, for haze removal,

J(x) =
I(x)� A
T (x)

+ A;

J(x) = exp(�t(x)) (I(x)� A) + A; (3.4.5)

We formulate a generalized equation from Eq. 3.4.5 by replacing t(x) with l(x)
based on our use of image enhancement for transmission estimation, yielding

J(x) = exp(�l(x)) (I(x)� A) + A; (3.4.6)

Here, it should be noted that Eq. (3.4.4) is a special case of Eq. (3.4.6), whereA = 0.
Furthermore, Eqs. 3.4.4 and 3.4.6 are efficiently suitable expression for our FPGA
implementation, as we do not need to perform calculations in logarithmic space.
Hence, this limits the requirement for more hardware resources. This architecture
takes advantage of these similarities between Retinex-based image enhancement
and haze removal, also using Retinex for transmission map estimation instead of
soft matting.

In our setup, users can select any of the following operation modes; i) Retinex-
based enhancement, ii) haze removal, or iii) in combination. In the image enhance-
ment mode, max operation is used in the Gaussian pyramid generation part, andA is
set zero. In the haze removal mode, min operation is used in the Gaussian pyramid
generation part, and A is set by user’s input. In the combined mode, the use of two
parallel in-built circuits is used to perform the max and min initial operations. In
single mode, only either is utilized. In addition, these modes are supported by our
previously proposed smoothing technique [102], accelerated based on predefined
Gaussian pyramid generated downsamples.
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Since it can be regarded that A is relatively stable during many successive
frames, we do not employ any automatic A estimation. An approximation of A,
such as around the maximum value is set manually, based on initial illumination
estimation in Eq. 3.4.3. This is relatively sufficient for our approach. However, it
should be noted that in some real-time applications such as on-board car cameras,
it is necessary to update A regularly using automatic estimation.

Table 3.1: FPGA implementation result (1,920�1,200 and 60 fps)

Retinex-based image enhancement Both image enhancement and haze removal
Family Cyclone V
Device 5CSXFC6D6F31C6

Timing Models Final
Logic utilization (in ALMs) 3,179/41,910 (8 %) 3,213/41,910 (8 %)

Total registers 3,616 3,648
Total block memory bits 2.71 M/5.67 M (48 %) 2.71 M/5.67 M (48 %)

Total RAM Blocks 366/553 (66 %) 366/553 (66 %)
Total DSP Blocks 16/112 (14 %) 16/112 (14 %)
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3.5 Implementation
We implemented the proposed architecture using Intel Cyclone V FPGA, which is
from one of the lowest system cost FPGA series. The operating frequency used was
125 MHz, with a 5.67 M total block memory bit size.

Based on Fig. 3.3, we utilized only layer 5, 4, and 3. Table 3.2 shows the
optimum number of iterations used per layer in order to obtain desirable results
without introducing blur artifacts. Layer 3 is interpolated from layer 4, with layer

Table 3.2: Guassian Pyramid Generation layer size and iterations

Size (of the input resolution) # of Iterations
Layer 5 1=1024 30
Layer 4 1=256 20
Layer 3 1=64 10

4 from layer 5. By this, our FPGA implementation supports frame resolution and
frame-per-second of 1,920�1,200 and 60 fps, respectively.

The implementation results are summarized in Table 3.1. In Table 3.1, it can
be noted that the required number of bits is 2.71 M. This is due to the architecture
utilizing only layer 5, 4, and 3 in Fig. 3.3. The advantages of utilizing these layers
instead of larger resolution layers 0, 1 or 2 are lower block memory and less iterative
complexity, realizing real-time processing at 60 fps.

It was observed that by using layer sizes larger than layer 3, i.e layers 1 and 2,
block memory and bits required increased above 453 and 3.28 M, respectively. This
also resulted in a decrease in frame rate performance to 45 fps, moving away from
our goal of real-time processing at higher frame rate of at least 60 fps, while main-
taining operation at relatively low frequency rate. At a frequency of 240 MHz, with
a capability of processing 4K video at 30 fps, memory access conflict occured un-
predictably. Also taking our hardware memory into consideration, our architecture
choice of not using larger layer sizes resulted in better overall performance.

As can be observed from the Table 3.1, both enhancement and haze removal can
be implemented using one module with an overall 1 % overhead of logics between
single and combined modes, with logic utilization and registers increasing 3179!
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3212 and 3616 ! 3648, respectively. The required RAM blocks and memory bits
remain constant in both single and combined modes of operation.

Table 3.3: Software performance comparision

Method Image Size Average runtime (sec)
[87] 1920 x 1200 307.6

[103] 1920 x 1200 124.8
[75] 1920 x 1200 96
[89] 1920 x 1200 1.651
[84] 1920 x 1200 0.182

Proposed 1920 x 1200 0.165

Table 3.4: Quantitative comparision (PSNR)

Method street books peppers tower toys Average
[103] 16.29 16.57 16.59 18.82 12.56 16.17
[75] 20.12 13.52 29.21 19.32 18.46 20.13

[104] [105] 20.01 15.84 26.73 21.88 17.56 20.40
[84] 19.20 23.59 12.66 23.31 11.42 18.04

Proposed 20.40 21.92 24.78 24.44 18.17 21.94

Table 3.5: Quantitative comparision (SSIM)

Method street books peppers tower toys Average
[103] 0.873 0.825 0.858 0.933 0.687 0.835
[75] 0.943 0.881 0.979 0.95 0.809 0.912

[104] [105] 0.943 0.815 0.978 0.972 0.888 0.919
[84] 0.948 0.968 0.790 0.981 0.672 0.872

Proposed 0.898 0.93 0.959 0.98 0.876 0.929

In Figs. 3.7 and 3.8, sample results of our proposed FPGA implementation are
presented. Table 3.3 shows a software performance comparision of our proposed
method with other related methods. Our software implementation was in C++ on
Intel(R) Core(TM) i5 � 4460 CPU @3:20 GHz. Our approach is competitive, with
less simulated processing time. Table 3.6 some hardware performance comparision
results. The referenced related works were tested using input feeds at a resolution
of 600� 400, while our implementation was tested at 1920� 1200.

To futher verify our proposed design, we compared its performance with vari-
ous state-of-the-art dehazing methods. Synthesized hazy images were used, having
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Table 3.6: Hardware performance comparision

Method FPGA Freq. (MHz) buffers Mpixels/s
[89] stratix 58.43 6 58.43

[106] stratix 116 6 116
Proposed Cyclone v 125 6 125

the respective ground truth images. Figure 3.6 presents qualitative results obtained
from our proposed method compared with [103], [75], [104, 105] and [84]. As
can be observed visually, our proposal is competitive in haze removal performance.
The results of Tarel and Hautire [103] have color distortions. The results of Ren
et al. [84] retain some elements of haze under heavy haze conditions. Berman et
al. [104, 105] produces better results compared to [75,84, 103], however with some
visible color shift in certain images. In He et al. [75], the output images are darker
due to the underlaying assumptions used in dark channel prior. Our method, which
is a modification based on [75], does not suffer from this darkening characteristic
while maintaining high color fidelity. In table 3.4, the PSNR values obtained using
the results from Fig. 3.6 are presented. Our method provides an overall better per-
formance based on the average PSNR value of 21.94. Table 3.5 shows the Structural
Similarity metrics (SSIM) using the same dataset presented. Our proposed method
achieves competitive results are highlighted.
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(a) Ground truth (b) haze input (c) [103] (d) [75]

(e) [104] [105] (f) [84] (g) Proposed

Figure 3.6: Results on sythetic haze
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