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A novel architecture for performing hue-saturation-value (HSV) domain enhancement of digital color
images captured under non-uniform lighting conditions is proposed in this paper for video streaming
applications. The approach promotes log-domain computation to eliminate all multiplications, divisions
and exponentiations utilizing the compact high-speed logarithmic estimation modules. An optimized
quadrant symmetric architecture is incorporated into the design of homomorphic filter for the enhance-
ment of intensity value. Efficient modules are also presented for conversion between RGB and HSV color
spaces with tunable H and S components in HSV for more flexible color rendering. The design is able to
bring out details hidden in shadow regions of the image and preserve the bright parts with adjustable
vividness and color shift for improvement of visual quality while maintaining its consistency. It is capable
of producing 187.86 million outputs per second (MOPs) on Xilinx’s Virtex II XC2V2000-4ff896 field pro-
grammable gate array (FPGA) at a clock frequency of 187.86 MHz. It can process over 179.1
(1024 � 1024) frames per second, which is very suitable for high definition videos, and consumes approx-
imately 70.7% and 76.8% less hardware resource with 127% and 280% performance boost when compared
to the designs with machine learning algorithm in [M.Z. Zhang, M.J. Seow, V.K. Asari, A high performance
architecture for color image enhancement using a machine learning approach, International Journal of
Computational Intelligence Research – Special Issue on Advances in Neural Networks 2(1) (2006) 40–
47], and with separated dynamic and contrast enhancements in [H.T. Ngo, M.Z. Zhang, L. Tao, V.K. Asari,
Design of a high performance architecture for real-time enhancement of video stream captured in extre-
mely low lighting environment, International Journal of Embedded Systems: Special Issue on Media and
Stream Processing, in press], respectively. This approach also provide 83.4 times performance gain with
more consistent fidelity in the results compared to some DSP based implementations (256 � 256 frame
size) [G.D. Hines, Z. Rahman, D.J. Jobson, G.A. Woodell, DSP implementation of the retinex image
enhancement algorithm, visual information processing XIII, in: Proceedings of the SPIE, vol. 5438,
2004, pp. 13–24; G.D. Hines, Z. Rahman, D.J. Jobson, G.A. Woodell, Single-scale retinex using digital signal
processors, in: Proceedings of the Global Signal Processing Conference, September 2004, pp. 1–6] under
the reflectance-illuminance category of image enhancement models.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Physical limitations exist in the sensor arrays of imaging de-
vices, such as CCD and CMOS cameras. Often, the videos captured
by these devices cannot represent scenes well that have both very
bright and dark regions. The sensor cells are commonly compen-
sated with the amount of saturation from bright regions, fading
out the details in the darker regions. Enhancement algorithms
[1–4] provide good rendering to bring out the details hidden due
to dynamic range compression of the physical sensing devices.
ll rights reserved.

ng), mseow@odu.edu (M.-J.
.K. Asari).
For applications in color images these algorithms may fail to pre-
serve the color relationship among RGB channels which result in
distortion of color information after enhancement. Thus, there is
still room for the improvements. The recent development of fast
converging neural network based learning algorithm called ratio
rule [5,6] provides excellent solution for natural color restoration
of the image after gray-level image enhancement. Hardware
implementation of such algorithms is absolutely essential to paral-
lelize the computation and deliver real-time throughputs for color
images or video processing containing extensive transformations
and large volumes of pixels. Implementation of window related
operations such as convolution, summation, and matrix dot prod-
ucts which are common in enhancement architectures demands
enormous amount of hardware resources [7,8]. Often, large
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number of multiplications/divisions is needed [9]. Some designs
compromise this issue by effectively adapting the architectures
to very specific forms [7,8,10] and cannot operate on different sets
of properties related to the operation without the aid of reconfigu-
ration in FPGA based environment. We proposed the concept of
log-domain computation in [11] to solve the problem of multipli-
cation and division in the enhancement system and significantly
reduce the hardware requirement while providing high through-
put rate.

Algorithms developed under the reflectance-illuminance cate-
gory of the image processing models are not unique. The origin
for the theorization of such model for visual representation dates
back to early 1970’s [12] with stochastic image processing in
[13] to reduce the salt-and-pepper noise (imposed from poor qual-
ity sensing device available at the time being). In classical ap-
proaches, homomorphic processing operates exclusively on the
grayscale images. Recently, the concept has become popular for
adapting the model to color image representation. Although the
concepts for a number of exotic approaches are generalized by
Kimmel et al. [14], dedicated architectures for such algorithms
are generally unavailable to our best knowledge; thus, comparison
is limited to existing designs relevant to the subject. One of the few
extensively explored and well adapted techniques (in both hard-
ware and software) in this category is led by Jobson’s research
team with Multi-Scale Retinex (MSR) model [2,3,15]. By the nature
of the algorithmic procedure, MSR is suitable for DSP based imple-
mentation discussed in [16] where the fast Fourier transform (FFT)
and inverse FFT (IFFT) may be plugged in from DSP library [17,18].
Further improvement on MSR can be made for better color consis-
tency to minimize influence from background color. Within the
same category, we presented a hardware-efficient architecture in
[19] for enhancement of the digital color images with non-uniform
darkness using a Ratio learning algorithm [5,6] for color distortion
correction. We also presented the nonlinear enhancement archi-
tecture in [20] based on [21] which results with similar quality
on the output images. In this paper, we propose an alternative de-
sign of the system to significantly reduce hardware requirement
while achieving similar fidelity in the enhanced images. The new
architecture is capable of improving the brightness, contrast, and
visual color quality simultaneously. It processes the images and
streaming video in HSV-domain with the homomorphic filter
(Homomorphic model is a developed concept in computer science
field for grayscale image processing) and converts the results back
to RGB representation with standard conversion factor formulated
in [22].

The paper is organized as follows. A brief on the related design
techniques is given in Section 2 to introduce the methodology em-
ployed for the implementation. The formulation of homomorphic
processing is discussed in Section 3 along with comparison to other
algorithms. The implementation is described in detail in Section 4
with hardware simulation and error analysis explained in Section
5. The efficiency and performance are presented in Section 6 with
appropriate comparison to other architectures. We wrap up the pa-
per with conclusion that the proposed work is more hardware effi-
cient and provides higher throughput with similar fidelity in the
results.

2. Related works

2.1 Quadrant symmetry property

As introduced in previous section, window based operations are
very common in video processing technology such as generalized
2D convolution defined by (1) where the center pixel of the kernel
W(j1, j2) is overlapped with center pixel of the input image I(m, n)
under the window of consideration to produce the output image
O(m, n). Often, coefficients associated with these kernels are non-
arbitrary and exhibit interesting properties. It is a waste of the
computational power and resource allocation from hardware
designers’ perspective to not take advantage of certain symmetries
within the kernels. Such symmetries are very common in the de-
sign of digital filters. In particular, we utilize the quadrant symme-
try (QS) of the kernels to support convolution operations (digital
filtering) defined by (2) and (3) for odd and even kernels, respec-
tively. This preprocessing ideally saves close to 75% of the multipli-
cations in addition to the replacement of the hardware multipliers
discussed in [23]. Such optimization results with the architecture
that is neither too specific nor generic while focuses the essential
computation to single quadrant. It maintains the flexibility of rede-
fining the filter characteristics at run-time (soft upgrade) without
recompiling and reconfiguring the architecture (hard upgrade) by
external systems. Examples of the filters qualified for QS property
include both separable [24] and non-separable kernels. QS also
encapsulates circularly symmetric kernels such as Gaussians and
Laplacian of Gaussians used for smoothing and edge detection,
respectively.
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2.2. Log-domain computation

Multiplications and divisions become additions and subtrac-
tions with logarithmic transformations defined by (4) which re-
quire significantly less computational power. A number to the
power n becomes a matter of arithmetic shift operation achievable
within single clock cycle for n equals to power of two, or multipli-
cation operation for any finite n in general. Eq. (4) states that the
log2 scale of V can be calculated by concatenating the index IV of
leading 1s in V with the fractions (remaining bits after IVth bit).
The reversed process holds true as well, except the leading 1s
and fractions, Lf, are shifted to the left by Li (integer of L) bits as
shown in (4). This definition is generalized to integer values as well
as fraction numbers. For example, log2(0000.0110) binary becomes
�1.5 or (�2 + 0.5) in decimal since the position of Iv is �2 (two
places after decimal point) with fraction 0.10 in binary. The correct
value should be �1.415 which results with 6% error from the
approximation for worst case scenario. Application of this concept
eliminates most costly components just described for hardware
designs. Thus, it is crucial to implement efficient logarithmic esti-
mation modules in such a way that is very compact in its design,
reduces large amount of hardware resource, and provides very
high throughput rate [11,19]. Designs based on the concept
presented in [25] which employees unrolled pipeline architec-
tures such as [20,26,27] may not be efficient for replacement of
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multiplications and divisions in window related architectures for
FPGA based implementation. Particularly in filters, such architec-
tures usually require large number of multiplications and the
amount of hardware resource allocated for the unrolled pipeline
stages usually can come close to the cost of the multipliers on FPGA
technology. Our implementation of the estimation modules packs
the resolution-dependent unrolled pipeline style design into a
few stages regardless its resolution at the same time optimizes
the component count, power and speed. It is about 10 times reduc-
tion in the resource and 170% performance boost in FPGA environ-
ment. We generalized the modules to support both integer and
fraction numbers without introducing hardware complexity. These
modules are also insensitive to the bit-resolution that exists in
hardware multipliers in which the performance is inversely pro-
portional to the number of bits in the multipliers. We have demon-
strated the use of log-domain computations in [19,23] for image
processing applications with a figure of 60% hardware reduction
in addition to the applicable QS based architecture. The image
enhancement model is discussed in the following section.

log2ðVÞ ffi fIVg þ fðV � IV Þ � IVg ()
log�1

2 ðLÞ ffi f1� Lig þ fLf � Lig ð4Þ
3. Reflectance-illuminance model

3.1. Homomorphic based HSV-domain enhancement

Color distortion correction can be avoided for color image
enhancement in HSV-domain where the color (H), intensity (V)
and saturation/color density (S) components can be rendered sep-
arately without introducing the distortion. To remove the shadows
in the image, only the V component in HSV needs to be enhanced
instead of boosting separate RGB channels which results with loss
of color consistency. Extraction of the V component is defined by

Vðx; yÞ ¼ maxðRIðx;yÞ;GIðx;yÞ;BIðx;yÞÞ; ð5Þ

where the I(x, y) is the input image. The V component is enhanced
by a homomorphic filter defined as

Venhðx; yÞ ¼ 2
log2

Vðx;yÞ
2P

� �
	hðx;yÞ

� �
� D ð6Þ

for log2 expression where the * denotes convolution operation, h(x,
y) is the K � K spatial-domain filter coefficients sampled from high-
boosting homomorphic transfer function, P is the resolution of the
pixel, D is the de-normalizing factor, and Venh(x, y) is the enhanced
intensity value of the image. This enhancement model assumes that
the detail (reflectance) and illuminance in the image are logarithmi-
cally separable [3,13,28]. Hence the model belongs to reflectance-
illuminance category. The quadrant symmetry (QS) property of
Fig. 1. Algorithm comparison: (a) original image taken from [15], (b) enhanced RGB chan
enhanced with the approach we propose.
the homomorphic filter allows us to reduce the number of multipli-
cations to about 25% as presented in [23]. The enhanced image can
now be transformed back to RGB representation by mapping the
following set according to i:

fR0G0B0gn ¼ fe;p; tg; fn; e; tg; ft; e; pg; ft;n; eg; fp; t; eg; fe; t;ngf g
for i inff0g; . . . ; f5gg; ð7Þ

where t = 1 � S, n = 1 � S � f, p = 1 � S � (1 � f), e = 1, and {R0G0B0}n

are the normalized enhanced RGB components. The i and f are the
integer and fraction portions of H which is the angular representa-
tion of color component in HSV-domain defined by (8) where
L = min(RGB) and Hos is the color shifting factor. The S component
in HSV-domain is defined to be (9) with color saturation/density
rendering factor Sos. The final output, {R0G0B0}, can be calculated as
(10) since the denominator is approximately one for non-uniform
scenes or images which contain bright parts, where Venh ¼ 2Venhl�
D. Eqs. (5)–(10) provide basic framework for the design of HSV-do-
main enhancement system. The H component can be added with
offset for color shifting effect while tuning the S component controls
the vividness in visual appearance of the image.

H ¼
0þ Hos þ ðG� BÞ=ðV � LÞ; if V ¼ R

2þ Hos þ ðB� RÞ=ðV � LÞ; if V ¼ G

4þ Hos þ ðR� GÞ=ðV � LÞ; if V ¼ B

8><
>: ð8Þ

S ¼ ðV � LÞ � Sos=V ð9Þ

fR0G0B0g ¼ fR
0G0B0gn � Venh

maxðfR0G0B0gnÞ
orfR0G0B0gn � Venh ð10Þ
3.2. Brief comparison of algorithms under the model

While discussion of the other enhancement algorithms is out-
side the scope of this paper, it is important to illustrate the results
since we will compare the hardware utilization and the perfor-
mance for the available implementation of the algorithms. The ori-
ginal test image is shown in Fig. 1a. After enhancing the image on
separate RGB channels, more details are revealed as shown in Fig.
1b; however, the image appears pale due to lost of the color rela-
tionship between the channels. The result of enhancement by Mul-
ti-Scale Retinex with Color Restoration (MSRCR) [15], which is
based on human perception, is illustrated in Fig. 1c. This approach
corrects the color distortion but still appear grayish in certain areas
depending on the background color and lighting condition. In this
case the background has mild influence on the image. Thus further
improvement can be made. The hardware implementation of this
algorithm can be done but the large scale kernel of the filters
makes it impractical to achieve in time domain. Shown in Fig. 1d
is the output of the Luminance Dependent Nonlinear Image
Enhancement (LDNE) algorithm presented in [21] which we imple-
nels, (c) MSR with color correction [15], (d) LDNE [20] [21], (e) RR [5] [6] [19], and (f)
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mented the hardware system in [20]. It is clear that the color is
consistent which is obvious on the color of the hair of the man
shown in the figure. Fig. 1e is the output of correcting Fig. 1b with
ratio rule which is a machine learning algorithm [5,6]. We also
implemented it in [19]. The output for the design we propose in
this paper is illustrated in Fig. 1f. It has similar characteristics with
Fig. 1d and e and is somewhere between the two. With carefully
chosen homomorphic transfer function, it can be hard to distin-
guish by human eyes. Nonetheless, the difference between these
designs in terms of the performance and hardware utilization is
quite dramatic. Design of the proposed system architecture is dis-
cussed in next section.

4. Design of system architecture

4.1. Overview

A brief overview of the enhancement system is shown in Fig. 2
to illustrate basic computational sequence. The pixel values in RGB
components are first sent to HSV homomorphic filter and
RGB2HSV conversion block simultaneously. The V component is
then extracted and enhanced by the high-boosting homomorphic
filter while the H and S components are rendered. Lastly, the en-
hanced H and S components are combined with the enhanced V
component in HSV2RGB module where the conversion back to
RGB representation takes place. The architecture is capable of
enhancing the stream video at run-time without frame buffering.
Even though frame buffering is preferred, it is only necessary when
the architecture cannot keep up with the throughput from the in-
put source or the output cannot be synchronized with the display-
ing device.

4.2. Architecture of homomorphic filter unit

The homomorphic filter unit (HFU) coupled with an array of the
log2 scaled V component, which is extracted by max filter architec-
ture, is illustrated in Fig. 3. The QS property of the 2D convolution
operation allows the computation to concentrate on one quarter of
the kernel through folding, in addition to eliminating the multipli-
Fig. 2. Block diagram of the enhancement architecture.

Fig. 3. Architecture of the HFU with the output in log2 scale.
ers [23]. The vertical folding of data is accomplished by linearly
folding the log2 scaled data with adders from the buffers which
create internal parallelism for massive concurrent processing. This
halves the processing bandwidth. To normalize a value v (log2 (v/
2P) = log2 (v) � P), which is negative, given the fact that image pix-
els are unsigned and log2 of negative number is undefined, the
absolute value can be logically approximated by taking the in-
verted output ðQ 
 P � log2ðvÞ ¼ log2ðvÞÞ of the registered result
from vertical folding. To reduce the processing bandwidth by an-
other half, the horizontal folding defined by (2) and (3) is trans-
lated to (11) and (12) and performed with respect to even and
odd dimension kernels, taking account of the delay in systolic
architecture. The H-fold denotes the results from horizontal folding
and HQ is a set of horizontal shift registers for vertically folded
data. The registered results of the H-fold stage are sent to arrays
of processing elements (PEs) for successive filtering. The partial
results from the PE arrays (PEAs) are combined together by a
pipelined adder tree (PAT). The overall output, Venhl, is kept in
log2 scale for the multiplications in HSV to RGB color space
conversion.

H-foldðkÞ ¼
HQ ½0� þHQ ½2kþ 1�; for odd J1; k–0

HQ ½0�; forodd J1; k ¼ 0

(
ð11Þ

H-foldðkÞ ¼ HQ ½0� þHQ ½2k�; for even J1; 8k ð12Þ
4.2.1. Architecture of pipelined processing elements in homomorphic
filter

The design of the PE in the homomorphic filter utilizes the log-
domain computation to eliminate the need of hardware multipli-
ers. The data from H-fold register is pre-normalized without extra
logics by shifting the bus. It is then converted to log2 scale as
shown in Fig. 4a and added with log2 scaled kernel coefficients
(LKC) in LKC register set. The result from last stage is converted
back to linear scale with range check (RC). If the overflow or under-
flow occurs, the holding register of this pipeline stage is set or
clear, respectively. Setting and clearing contribute the max and
min values representable to N-bit register. The output of this stage
is de-normalized, likewise by bus shifting, before it is successively
accumulated along the accumulation line. The log2 architecture
shown in Fig. 4b is very similar to [23], except full precision is used
and registers are introduced to approximately double the perfor-
mance with two-stage pipeline. The maximum logic delay is re-
duced to single component (multiplexer) and makes no sense to
pipeline beyond this point. The inverse-log2 is readily optimized
with only one pipeline stage at its peak performance. So no modi-
fication is needed.
Fig. 4. Architecture of (a) the PE in the homomorphic filter, and (b) the pipelined
log2 module.
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4.3. Data buffer unit

The data buffer unit (DBU), which generates the internal paral-
lelism for homomorphic filtering, is implemented with the dual
port RAMs (DPRAMs) as shown in Fig. 5. One set of DPRAMs is uti-
lized to form line buffers (LBs) and store just enough lines of image
in the LBs to create massive internal parallelism for concurrent
processing. The pixels are fetched into the DBU in raster-scan fash-
ion. The DPRAM based implementation has advantage of signifi-
cantly simplifying the address generator compared to commonly
known first-in-first-out (FIFO) based approach. Tracking of items
during transient stage is eliminated. Furthermore, only one address
generator is necessary in DBU. It consists of two counters to auto-
matically keep track of the memory locations to insert and read the
data to internal PDB for extraction of V component. Data bus A
(DBA) of (K � 1) � PRGB bits wide, which is formed with just en-
ough number of DPRAMs in parallel, is used to insert pixel values
through write-back paths to the memory location designated by
address bus A (ABA). For 8-bit pixel resolution, PRGB is 24 bits.
The data bus B (DBB) is used to read the pixel values onto internal
PDB and write to the write-back paths. The center tapped RGB
(RGBCT) components are sent to RGB2HSV color space conversion
module.
Fig. 5. Architecture of the DBU shown in Fig. 3. The data bus of (K � 1) PRGB bits
wide is grouped into a number of 24-bit paths to form effective LBs for 8-bit pixel
resolution.

Fig. 6. Architecture of the RGB to
4.4. Architecture for RGB2HSV color space conversion

The architecture for the conversion of RGB–HSV components is
shown in Fig. 6. The calculation is performed in parallel with the
HFU. To compute the essential components of (8) and (9), the sub-
tractions between RGB channels are carried out in pipeline stage 1,
p1. The sign bits are used to map the min/max RGB components in
(5) and (8) to Hmin/Hmax with two bits respectively where the
numerator of (8), V, and L components can be determined with
multiplexers (MUX) on p2. The sign for the numerator of (8) is ex-
tracted for arithmetic calculation between the integer parts and
fractions of (8) at later stage. The division of positive numbers
can then be performed with subtraction in log-domain. The Hmax

is further wrapped (WrapZN) if the numerator of (8) results with
negative fraction [22]. The log2 scaled V and (V � L) components
are calculated at p5 and subtraction of the two determines the S
component in log2 scale (Snl). The fraction of H component is calcu-
lated likewise. To perform rendering of the color density, the Snl is
added with SOS to produce SL which is used for multiplication in
HSV to RGB conversion module. At the last stage of the pipeline,
the fraction of H component is combined (according to the sign
bit determined from earlier stage) with the decimal which is calcu-
lated with the WrapZN output (right shifted to reflect the integer
portion of (8)) and the offset value (HOS) for color shifting effect.
The V component is discarded since the HFU produces the en-
hanced V. The architecture for converting HSV back to RGB space
is discussed next.

4.5. Architecture for HSV2RGB color space conversion

Architecture for restoring RGB representation is illustrated in
Fig. 7. The positive integer, Hint, of H component calculated in Sec-
tion 4.4 is first modulated by 6 to prevent overflow and then used
to select the n, p, t, and e components of (7) with MUXes. The frac-
tion, Hfrac, is converted to log2 scale to compute Sn � Hf with adder
and converted to linear scale with ilog2 module. The SL component
is also converted back to linear scale. With these partial compo-
nents available, p is rearranged to Sn � Hf + (1 � Sn) to eliminate
separate calculation as illustrated in Fig. 7 (2nd input on MUX).
Once the R0G0B0n are selected by Hint, the sign bits are extracted
since the results from rendering S component can be negative.
The absolute values of R0G0B0n are converted to log2 scale to produce
r0g0b0 with over/under-flow RC. In log-domain, the r0g0b0 channels
are added or subtracted, depending on the signs determined by last
HSV color space convertor.
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pipeline stage, with the Venhl (enhanced V synchronized to the
module with SynRegs) computed by HFU. The final output is calcu-
lated by taking the results back to linear scale with RC. Thus, calcu-
lation of (10) is obtained. This completes the discussion on
architectural design.
Fig. 8. Results from software and hardware simulations (b) and (c) with input image

Fig. 9. Error characteristics. (a) Difference error scaled by 50 times. (b) Histogram of the
scenario.
5. Hardware simulation and error analysis

The image is sent to the architecture pixel by pixel in raster-
scan fashion which is common for video streaming. After the tran-
sient state, the output becomes available and is collected for error
(a). The architectural simulation with S component rendering is illustrated in (d).

error from (a). (c) Histogram of the error with Sos (1.5) rendering at its worst case
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analysis. The overall output of the enhancement architecture is re-
corded to give graphic view of the enhanced image for quick eval-
uation of the visual quality. Typical test image is shown in Fig. 8a
where the shadow regions exist as the consequence of the satura-
tion in bright regions. The outputs of the system produced by soft-
ware and hardware simulations without Hos and Sos rendering are
illustrated in Fig. 8b and c, respectively. The result of architectural
simulation with Sos set to 1.5 is illustrated in Fig 8d. As one can see
that majority of the detail hidden in the dark regions are brought
out while the natural color is preserved. Overall, the visual quality
is very satisfied with fewer shadow regions.

The difference between the software and architectural simula-
tions is shown in Fig. 9a scaled by 50 times. Typical histograms
of the error with the data from Fig. 9a are illustrated in Fig. 9b.
The average error of the system is 3.95 pixel intensities with re-
spected to the test image. Simulation with large set of images
shows majority of the errors in this system is below 10 with the
average error around 4. The histogram for the test with Sos (1.5)
parameter is shown in Fig. 9c. The average error increases to
4.51. The additional error came from Sos which is set to the value
that is at one of the worst case scenarios [23]. The error measure
of Fig. 9 includes the fact that the hardware simulation is bounded
to approximation error and specific number of bits representable
in the architecture. While the hardware simulation shows very
attractive results, the efficiency of hardware utilization and its per-
formance is also very important.

6. Resource utilization and performance evaluation

The hardware resource utilization is characterized based on the
Xilinx’s Virtex II XC2V2000-4ff896 FPGA on Xilinx’s multimedia
platform and the Integrated Software Environment (ISE) [29]. The
particular FPGA chip we target has 10,752 logic slices, 21,504
flip-flops (FFs), 21,504 lookup tables (4-input LUTs), 56 block RAMs
(BRAMs) and multipliers; however, we do not utilize the built-in
multipliers. The resource allocation for various sizes of the kernels
in homomorphic filter is shown in Table 1. For 9 � 9 filter kernel,
the computational power is approximately 81 multipliers which
Table 1
Hardware resource utilization for various sizes of the kernels with corresponding
throughput rate

Kernel size Logic slices (%) Slice FFs (%) LUTs (%) BRAMs Perf (MOPS)

5 � 5 14 8 9 6 186.25
7 � 7 21 12 13 8 186.25
9 � 9 30 17 18 11 187.86
11 � 11 40 23 24 14 187.86
13 � 13 53 31 31 16 187.86
15 � 15 66 39 39 19 187.86
17 � 17 82 48 48 22 187.86

Table 2
Comparison of the proposed work with other implementations most relevant to reflectance
so the performance is not penalized for [16] and [30] to utilize FFT and IFFT

Hardware platforms FPGAa[20]: XC2V2000 FPGAa[19]: XC2V2000 DSPb[16]: C

Operating frequency 67 MHz 147.3 MHz 150 MHz
Nature of design Systolic-parallel Systolic-parallel VLIW (256-
Resource utilization 49.3% logic slicesh 46% logic slicesi DSP + DSKc

Frame buffers Ext. 133 MHz ZBTRAMs None Ext. 100 MH
Throughput rate 1ppce 67mppsf 1ppce 147mppsf 0.009ppce 1
Frame rate 1022 fpsg 2248 fpsg 20.7 fpsg

Notes: aXilinx’s Virtex II XC2V2000-4ff896 FPGA on multimedia platform. bTexas Instrum
cache support. ePpc is unit for pixels per processor clock. fMpps is unit for million pixels
included. iArchitecture is multiplier-less. jProposed work in this paper utilizes same tec
is significantly less compared to [19] with similar settings where
243 multipliers and 150 dividers are needed if conventional ap-
proach is taken. With the alternative algorithm introduced in this
design and the application of log-domain computation the amount
of hardware resource necessary for this implementation is tremen-
dously reduced. The maximum kernel size which can be utilized on
target FPGA consumes 82% of the logic slices, 48% of the FFs, 48% of
LUTs and 22 BRAMs. Testing conducted in Section 5 has shown that
a 7 � 7 filter kernel is sufficient to remove most shadows of rea-
sonable darkness. Only 21% of the logic slices is needed in this case.
The proposed design uses approximately 70.7% and 76.8% less logic
slices on average with great performance boost compared to the
architectures presented in [19] and [20] (1024 � 1024 frame size),
respectively.

The critical timing analysis of Xilinx’s ISE shows that 187.86
MOPS is the most optimal throughput achievable with the maxi-
mum clock frequency of 187.86 MHz. Further evaluation of pipe-
lining the critical path suggests that increasing the level of
pipeline does not gain significant throughput rate. This directly
indicates the impact of the design with tightly coupled and well
pipelined system. Given 1024 � 1024 image frame, it can process
over 179.1 frames per second at its peak performance without
frame buffering, which is very suitable for video streaming applica-
tions. This tremendous gain in the performance while consuming
significantly less hardware resources would have been extremely
difficult to achieve without the algorithmic simplification, efficient
filter design and log-domain computation. The additional benefit is
that the filter coefficients are not hardwired, which gives the high-
est flexibility in reloading the coefficients without the need of dy-
namic reconfiguration for different characteristics of the transfer
functions. The performance of the proposed approach increases
to 127% and 280% when compared to the designs we presented
in [19] and [20] (1024 � 1024 frame size), respectively. Due to
massive parallelism, it is also far superior to those DSP based ap-
proaches discussed in [16,20] which utilize limited number of
functional units. A comparison of the proposed work with other
implementations most relevant to the model is listed in Table 2.
While the throughput of the FPGA based architectures significantly
out performs those of DSP processors, it should be pointed out that
the DSP processors are largely constraint to the available functional
units with associated resource. So the full level parallelism cannot
be exploited. For this reason, the processors usually operate at
higher clock frequency to achieve minimum real-time criteria with
limited video resolution. The operating frequency to throughput
ratio can be more than two orders of magnitudes (i.e. 100 clocks/
pixel). For standard NTSC (720 � 480 at 30 fps) video with the
algorithms fully exploited, the DSP processors need to operate at
GHz scale where the memory access of the systems becomes the
bottleneck without the assistance of improved memory manage-
ment [30]. Despite the drawback, DSP based implementations are
still well adopted for lower end applications where the perfor-
-illuminace model. Note that 256 � 256 frame size (should be power of 2) is employed

6711 DSPb[16]: C6713 DSPb[30]: DM642 FPGAa,j: XC2V2000

225 MHz 600 MHz 186.3 MHz
bit) VLIW (256-bit) VLIW (256-bit) Systolic-parallel
support DSP + DSKc support DSP + EVMd support 14% logic slicesi

z SDRAMs Ext. 90 MHz SDRAMs Ext. 133 MHz SDRAMs None
.36mppsf 0.008ppce 1.84mppsf 0.004ppce 2.24mppsf 1ppce 186mppsf

28 fpsg 34.1 fpsg 2843 fpsg

ents’ DSPs in TMS320 family with appropriate platforms (cDSK EVMd) and 2 levels
per second. gFps is unit for frames per second. hUse of all embedded multipliers not
hnology as [19] and [20].
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mance of the systems is not critical. The performance of [20] was
limited to uneven pipelining and the setup of external Zero Bus
Turnaround (ZBT) RAMs which are coupled with the core module.
This bottleneck does not impose on the proposed architecture
since the throughput is sufficient to enhance the video on the fly
at the constant rate as the streamed video. Overall, the new design
achieved similar output quality with reduced hardware resource
while boosted the performance.

7 Conclusion

We presented a novel architecture for enhancement of digital
color images captured under non-uniform lighting conditions for
video processing applications. The design minimized the color dis-
tortion by enhancing the images in Hue-Saturation-Value color
space. With very efficient generalized logarithmic estimation mod-
ules, the optimized quadrant symmetric architecture and low com-
plexity color space converters, the design was able to utilize
significantly less hardware resource while provided high through-
put rate when compared to the approaches implemented with the
ratio learning algorithm [19], and the nonlinear video stream
enhancement model [20]. It was observed on Xilinx’s ISE develop-
ment environment with multimedia platform that the throughput
of the proposed architecture is 127% and 280% higher with 70.7%
and 76.8% reduction in hardware resource when compared to
[19] and [20], respectively. To reduce the implication of technolog-
ical dependency in the implementation, the comparison was done
under same environment provided by Xilinx’s development kit. We
showed that the design was able to bring out details hidden in sha-
dow regions of the image without saturating out the bright areas.
Furthermore, it was able to produce 187.86 million outputs per
second (MOPs) on Xilinx’s Virtex II XC2V2000-4ff896 FPGA tech-
nology at a clock frequency of 187.86 MHz. For 1024 � 1024
images, it can process over 179.1 frames per second and consumes
30% of the logic slices for 9 � 9 taps of the homomorphic filter. The
performance is at least 83.4 times greater compared to MSR archi-
tectures embedded in DSP environment [2,16,30]. Research is pro-
gressing to give broader optimization scheme between the
required performance and the hardware resource constraints, dri-
ven by applications, without compromising the flexibility of the
architecture.
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