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Abstract. A novel architecture for performing digital color image en-
hancement based on reflectance/illumination model is proposed in this
paper. The approach promotes the log-domain computation to eliminate
all multiplications, divisions and exponentiations utilizing the approxi-
mation techniques for efficient estimation of log2 and inverse-log2. A new
quadrant symmetric architecture is also incorporated into the design of
homomorphic filter to achieve very high throughput rate which is part of
V component enhancement in Hue-Saturation-Value (HSV) color space.
The pipelined design of the filter features the flexibility in reloading a
wide range of kernels for different frequency responses. A generalized ar-
chitecture of max/min filter is also presented for efficient extraction of
V component. With effective color space conversion, the HSV-domain
image enhancement architecture is able to achieve a throughput rate of
182.65 million outputs per second (MOPS) or equivalently 52.8 billion
operations per second on Xilinx’s Virtex II XC2V2000-4ff896 field pro-
grammable gate array (FPGA) at a clock frequency of 182.65 MHz. It
can process over 174.2 mega-pixel (1024×1024) frames per second and
consumes approximately 70.7% less hardware resource when compared
to the design presented in [10].

Keywords: color image enhancement, reflectance/illumination model,
HSV-domain image processing, log-domain computation, 2D convolu-
tion, multiplier-less architecture, homomorphic filter, quadrant symmet-
ric architecture, parallel-pipelined architecture.

1 Introduction

Physical limitations exist in the sensor arrays of imaging devices, such as CCD
and CMOS cameras. Often, the devices cannot represent scenes well that have
both very bright and dark regions. The sensor cells are commonly compensated
with the amount of saturation from bright regions, fading out the details in the
darker regions. Image enhancement algorithms [1], [2] provide good rendering to
bring out the details hidden due to dynamic range compression of the physical
sensing devices. However, these algorithms fail to preserve the color relation-
ship among RGB channels which result in distortion of color information after
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enhancement. The recent development of fast converging neural network based
learning algorithm called Ratio Rule [3], [4] provides excellent solution for nat-
ural color restoration of the image after gray-level image enhancement. Hardware
implementation of such algorithms is absolutely essential to parallelize the com-
putation and deliver real time throughputs for color images or videos containing
extensive transformations and large volumes of pixels. Implementation of win-
dow related operations such as convolution, summation, and matrix dot products
which are common in enhancement architectures demands enormous amount of
hardware resources [5], [6]. Often, large number of multiplications/divisions is
needed [7]. Some designs compromise this issue by effectively adapting the archi-
tectures to very specific forms [5], [6], [8] and cannot operate on different sets of
properties related to the operation without the aid of reconfiguration in FPGA
based environment. We propose the concept of log-domain computation [9] to
solve the problem of multiplication and division in the enhancement system and
significantly reduce the hardware requirement while providing high throughput
rate.

We proposed a hardware-efficient architecture in [10] for enhancement of the
digital color images using a Ratio learning algorithm [3], [4]. The enhancement
scheme works very well in general for color images with uniformed or non-
uniformed darkness. In this paper, we propose an alternative design of the system
to significantly reduce hardware requirement while achieve similar fidelity in the
enhanced images. The new architecture processes the images in HSV-domain
with the homomorphic filter and converts the enhanced images back to RGB
representation with highly effective conversion factor [11], [12].

2 Concept of the Design

In section 2.1, we describe the concept of the design proposed in the machine
learning based image enhancement system. We then carry this concept and apply
it to HSV-domain image enhancement with the discussion in section 2.2. This
leads to the theory for optimal design in which we extended the idea from section
2.2 to section 2.3.

2.1 Enhancement Based on Framework of Ratio Learning
Algorithm

The color image enhancement with Ratio Rule comprises three steps [10]. The
first step is to boost separate RGB components to bring out the details hid-
den in dark regions of the image. This technique introduces color distortion in
the enhanced image. The second step is to characterize the relationship between
the components and train the synaptic weights of the fully connected neural net-
work. In final step, the boosted RGB components are fed into the neural network
for color balancing to restore the natural color which exists in the original im-
age back to the enhanced image. The final step affectively corrects the distorted
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relationship of RGB channels for natural color rendition. This enhancement con-
cept can be applied to HSV-domain as an alternative mechanism to avoid color
distortion.

2.2 HSV-Domain Enhancement

Color distortion correction can be avoided for color image enhancement in HSV-
domain. Only the V component in HSV needs to be enhanced instead of boosting
separate RGB channels in RGB color space. Extraction of the V component is
defined as

V (x, y) = max(RI(x, y), GI(x, y), BI(x, y)), (1)

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

V enh(x, y) = e(ln(
V (x,y)

2P )∗h(x,y)) × D, or

V enh(x, y) = 2(log2(V (x,y)
2P )∗h(x,y)) × D

(2)

for logarithmic based two expression where the * denotes convolution opera-
tion, h(x, y) is the spatial-domain filter coefficients from its corresponding high-
boosting homomorphic transfer function in frequency domain, P is the resolution
of the pixel, D is the de-normalizing factor, and Venh(x, y) is enhanced intensity
value of the image. This enhancement model assumes that the detail (reflectance
components) in the image is logarithmically separable [12], [13]. The convolution
or digital filter operation can be defined as

V enhl(x, y) =
a∑

m=−a

a∑

n=−a

V nl (x − m, y − n) × h(m, n), (3)

where a = (K − 1)/2 for K × K filter kernel, Vnl is the normalized logarithmic
scaled version of V (x, y) and Venhl is the result from performing 2D convolution.
The quadrant symmetry property of the homomorphic filter operation defined
in (2) allows us to optimized (3) to reduce the number of multiplications by 3/4,
which we proposed in [14]. The folded version of (3) can be expressed as
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for odd and even dimension kernels respectively. The enhanced image can now
be transformed back to RGB representation by

{R′G′B′}n = {{e, p, t}, {n, e, t}, {t, e, p}, {t, n, e}, {p, t, e}, {e, t, n}}
for i in {{0}, ...{5}} ,

(5)

where t=1–S, n=1–S ×f , p=1–S×(1–f), e=1, and {R’G’B’}n is the normalized
enhanced RGB components. The i and f are the integer and fraction portions
of H component in HSV-domain and is defined as

H =

⎧
⎨

⎩

0 + (G − B)/(V − min(RGB)) , if V = R
2 + (B − R)/(V − min(RGB)) , if V = G
4 + (R − G)/(V − min(RGB)) , if V = B .

(6)

The S component in HSV domain is defined to be

S =
V − min(RGB)

V
. (7)

The final output, {R’G’B’}, can be calculated as

{R′G′B′} =
{R′G′B′}n × V enh

max ({R′G′B′}n)
, (8)

where Venh = 2V enhl×D. Equations (1)-(8) provide basic framework for the algo-
rithm we propose for hardware design of HSV-domain color image enhancement
system.

2.3 HSV-Domain Enhancement with Optimal Color Space
Conversion

We have shown the concept of enhancing color images in HSV-domain in section
2.2. It reduces the processing bandwidth needed in hardware design to focus
on one channel (V component) rather than concurrently processing on all RGB
channels. This approximately cuts the hardware resource by 2/3 compared to the
design discussed in section 2.1. As Li Tao et al demonstrated in the color image
enhancement algorithms [11], [12], the color restoration process can be further
simplified. She had shown that since H and S components in HSV color space
remain constant, the equations (5)-(8) needed for inverse transformation can be
replaced by

{R′G′B′} =
{RGB}

V
× V enh . (9)

This approach should moreover reduce the hardware requirement to more than
2/3 compared to [10]. In the next section, we show the optimal architectural
realization of the equations (1), (2), and (9) in the color image enhancement
system.
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3 Architecture for Color Image Enhancement

A overview of the block diagram of the system is described in section 3.1. A
very tightly coupled system architecture which decomposes the block diagram
presented in section 3.1 in to components is discussed in section 3.2. Discussion
on the design of data buffer, V component extraction, homomorphic filtering and
color space conversion components are explained in sub-sequential sub-sections.

3.1 Overview of the Computational Sequence

A brief overview of the image enhancement system with color restoration is
shown in Fig. 1 along with its interface signals. The architecture features RGB
streaming input with the options of specifying the image width on ‘Imsize’ bus,
and reloading of kernel coefficients through ‘KernBus’ for the convolution op-
eration. The output buses include the enhanced RGB components. The com-
putational sequence takes place as follows. The input pixels are buffered just
enough to create internal parallel data bus (PDB) to maximize the fine grained
parallelism for massive parallel processing. The V component is extracted from
PDB. This component is converted to log2 scale and filtered through a flexible
2D convolution architecture optimized for quadrant symmetric kernels. Lastly,
the output from the homomorphic filtering process is combined with the original
RGB components to restore color back from HSV-domain.

Fig. 1. Block diagram illustrates the overall sequence of computation which takes place
within the system along with its interface signals

3.2 The Tightly Coupled System Architecture

The tightly coupled system architecture is illustrated in Fig. 2. It mainly consists
of three units, the data buffer unit (DBU), the homomorphic filter unit (HFU),
and the HSV to RGB conversion (HRC) arithmetic. The integration of these
units contributes to consistent and highly parallel-pipelined design to maximize
hardware utilization and delivery optimal peak performance which might be
degraded in a loosely coupled or unevenly pipelined system. The design of these
units is discussed in greater detail in the following sub-sections.
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Fig. 2. System Architecture illustrates the coupling of three main units to achieve
optimal peak performance

3.3 Data Buffer Unit

The DBU is implemented with dual port RAMs (DPRAMs) as shown in Fig. 3.
One set of DPRAMs is utilized to form line buffer (LB) to create massive in-
ternal parallelism for concurrent processing. Each line of the image is store in
one LB with the pixels fetched in raster-scan fashion. This reduces the input
data bandwidth to unity. The DPRAM based implementation has advantage of
significantly simplifying the address generator compared to commonly known
first-in-first-out (FIFO) based approach. Tracking of items is eliminated as op-
posed to LBs implemented by FIFOs. The address generator is well scalable. It
consists of two counters to automatically keep track of the memory locations to
insert and read the data to internal PDB for extraction of V component. Data
bus A (DBA) is used to insert new pixel values designated by address bus A
(ABA). The data bus B (DBB) is used for reading the pixel values. K-1 sets of
DPRAMs are utilized in DBU for K × K dimension kernels with one address
generator.

3.4 Extraction of V Component

The V component is extracted by a max filter presented in [15]. The concept was
extended from the architecture for 2D uniform filter. For 1D max filter, which is
what we need in this design, a pipelined adder tree (PAT) style can be utilized.
A generalized 1D max filter architecture for N nodes is shown in Fig. 4. The
design utilizes the signs from subtractions in the PAT structure to successively
filter and merge until a maximum value is found at the end of last pipeline stage.
An array of K 3-to-1 max filters is necessary as illustrated in MAX(RGB) Array
block of Fig. 2. This architecture works for min finder as well by swapping the
inputs fed to 2-to-1 multiplexer (mux).
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Fig. 3. Detail architecture of the DBU shown in Fig. 2. Each LB is constructed with
2 BRAMs to store RGB components. (K-1) sets of BRAMs are needed for K × K
dimension kernels.

Fig. 4. Elementary architecture of the max filter is used to extract the V component.
K elements of 3-to-1 max filters are needed in the MAX(RGB) Array shown in Fig. 2.

3.5 Architecture of the Homomorphic Filter

The HFU coupled with an array of the log2 scaled version of V component
is illustrated in Fig. 2. The quadrant symmetry property of the 2D convolu-
tion operation indicated by (4) allows the computation to concentrate on one
quarter of the kernel through folding. The vertical folding of data is accom-
plished by linearly fold the data from the last stage of internal PDB with adders.
This halves the processing bandwidth. To normalize a value v (log2(v/2N) =
log2(v) − N), which is negative, given the fact that image pixels are positive
and log2 of negative number is undefined, the absolute value can be logically
approximated by taking the inverted output (Q ≈ N − log2(v) = log2(v)) of
the registered result from vertical folding. This procedure inherently utilizes
the V-fold pipeline stage rather than introducing additional stage and resource
to compute the absolute value of the normalized v. To reduce the processing
bandwidth by another half, the horizontal folding is performed, taking account
of the delay in systolic architecture [14]. The registered results of the H-fold
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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
PAT. The overall output of the homomorphic filter for each channel is kept in
log2 scale for the color space conversion in the HRC architecture as shown in
Fig. 2.

3.5.1 Architecture of Pipelined Processing Elements in Homomor-
phic Filter. The design of the PE in the homomorphic filter utilizes the log-
domain computation to eliminate the need of hardware multipliers [9]. 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. 5(a) and added with log2 scaled
kernel coefficients (LKC) in LKC register set. The result from last stage is con-
verted back to linear scale with range check (RC). If the overflow or underflow
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. 5(b) is very similar to [9], except full precision is used and registers
are introduced to approximately double the performance. The maximum logic
delay is reduced to single component and makes no sense to pipeline beyond this
point. Interested readers are referred to [9] for detailed implementation.

Fig. 5. Architecture of the PE in the homomorphic filter (a), and the pipelined log2

module (b)

3.6 HSV to RGB Color Space Conversion

The HRC unit inverse transforms the enhanced image in HSV color space back to
RGB representation. As illustrated in Fig. 2, the center-tapped RGB components
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from DBU pass through synchronization register set to compensate the latencies
associated with HFU. The synchronized RGB components are converted to log2
scale. Furthermore, the V component at this node is also determined with the
architecture shown in Fig. 4. The Venhl output is first de-normalized by adding
constant 8 in log-domain which is equivalent to multiplication of de-normalizing
factor D = 28. The division in (9) is calculated by subtraction in log-domain
as illustrated in Fig. 2. The final output of the enhanced RGB components is
computed by taking the inverse-log2 of the sum of the resultant subtraction and
Venhl. This completes the discussion on the design of image enhancement system.
The simulation and error analysis of the architecture is discussed next.

4 Simulation and Error Analysis

Images with non-uniform darkness are used in the simulation of the hardware
algorithm. The parameter set for the test is as follows:

– 8-bit unsigned pixel resolution
– Transfer function of the homomorphic filter [16]:
– Boost ratio: 2
– Cutoff frequency: 0.1
– Filter order: 2
– 1/4/15-bit coefficient sign, integer, and fraction for log2 scaled homomorphic

filter coefficients (transfer function quantitized accordingly), respectively
– 9/4-bit integer/fraction in accumulation line of PEs in homomorphic filter
– Full precision log2/inverse-log2 fractions
– 7×7 window for homomorphic filter.

4.1 Simulation

The image is sent to the architecture pixel by pixel in raster scan fashion. After
the initial latency of the system (i.e. Imsize×(K-1)/2+(K+1)/2+15+DPAT cy-
cles, where DPAT is the latency of PAT), the output becomes available and is
collected for error analysis. The overall output of the enhancement architecture
is recorded to give pictorial view of the enhanced image for quick evaluation of
the visual quality. Typical test image is shown in Fig. 6(a) where the shadow
regions exist as the consequence of the saturation in bright region. The outputs
of the system produced by Matlab software and hardware simulation are illus-
trated in Fig. 6(b) and 6(c) respectively. As one can see that majority of the
detail hidden in the dark regions of the original image are brought out while
the natural color is preserved. The enhanced image produced in hardware sim-
ulation is slightly brighter than the one computed by Matlab software. Overall,
the visual quality is very satisfied with least areas of shadow regions. The error
introduced from replacing equations (5)-(8) by (9) is shown in Fig. 6(d) with 50
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Fig. 6. Images shown from (a) to (d) are the test color image with non-uniformed
darkness, the Matlab software output image, the result from hardware simulation,
and the error introduced with 50 times magnification for replacing equations (5)-(8)
by (9)

times magnification. The simplification induces negligible magnitude of error at
extremely dark regions of the image.

4.2 Error Analysis

Typical histograms of the error between software algorithm and hardware simu-
lation are shown in Fig. 7 for the test image. The error produced in homomorphic
filter illustrated in Fig. 7(a) has average error of 2.91 pixel intensity. The average
error of overall system in Fig. 7(b) is slight larger than 2.91. Simulation with
large set of images shows majority of the errors in this system is less than 5
to 10 pixel intensities with the average errors around 4. This error measure in-
cludes the fact that the hardware simulation is bounded to approximation error
and specific number of bits representable in the architecture where the software
algorithm is free from these constraints. While the hardware simulation shows
very attractive results, the efficiency of hardware utilization and its performance,
which is discussed in the follow up section, is even more impressive.
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Fig. 7. Error histograms of the homomorphic filter and the system are shown in (a)
and (b) from enhancement of the test image with average errors of 2.91, and 2.97 pixel
intensities respectively. Typically, the error is less than 5 to 10 with the average error
around 4.

5 Hardware Utilization and Performance Evaluation

5.1 Hardware Utilization

The hardware resource utilization is characterized based on the Xilinx’s Vir-
tex II XC2V2000-4ff896 FPGA and the Integrated Software Environment (ISE).
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 56
embedded 18-bit signed multipliers in hardware; 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 with the resolution parameters listed
in section 4. For 9×9 kernels in homomorphic filter, the computational power
is approximately 81 multipliers which is significantly less compare to [10] with
similar setting where 243 multipliers and 150 dividers are needed if conventional
approach is taken. With the concept of log-domain computation the amount of
hardware resource available become feasible in this implementation. The maxi-
mum windows can be utilized on target FPGA consumes 85% of the logic slices
(4 slices is equivalent to 1 configurable logic block), 51% of the FFs, 49% of
LUTs and 32 BRAMs (2 BRAMs for each line of RGB components). Table 2
shows the proposed design uses approximately 70.7% less logic slices on average
compared to the architecture presented in [10].

5.2 Performance Evaluation

The critical timing analysis of Xilinx’s ISE shows that the 182.65 MOPS, or
equivalently 52.8 ((17×17) ×182.65e6) billion operations per second, is the most
optimal throughput achievable with the maximum clock frequency of 182.65
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Table 1. Hardware resource utilization for various sizes of the kernels in the homomor-
phic filter along with its corresponding performance indicates the overall effectiveness
of the architecture

Table 2. Comparison on the resource allocations and performance between the pro-
posed architecture and the implementation presented in [10] illustrates that the pro-
posed design uses significantly less hardware resource and gains higher system through-
put while it achieves very similar quality in the enhanced images. It reduced 70.7% logic
slices on average.

MHz. Further evaluation of pipelining the critical path suggests that increasing
the level of pipelining does not gain significant throughput rate. This directly in-
dicates the impact of the design with tightly coupled interfaces and well pipelined
system. Given 1024×1024 image frame, it can process over 174.2 frames per sec-
ond without frame buffering at its peak performance. This tremendous gain in
the performance while consuming significantly less hardware resources would
have been extremely difficult to achieve without the log-domain computation.
The additional benefit is that the filter coefficients are not hardwired, which
gives the highest flexibility in reloading the coefficients without the need of dy-
namic reconfiguration for different characteristics of the transfer functions. While
Table 2 shows significant percentage of the hardware resource reduction, it also
indicates that the performance of the proposed approach increases to 124% when
compared to the design we presented in [10].

6 Conclusion

A novel architecture for performing color image enhancement has been presented.
The approach utilized log-domain computation to eliminate all multiplications,
divisions and exponentiations. Log2 and inverse-log2 computations were per-
formed based on the approximation techniques with improved performance. A
new high performance quadrant symmetric architecture was also presented to
provide very high throughput rate for the homomorphic filter in the image en-
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hancement where the V component of the image in HSV-domain was boosted.
A generalized architecture for max/min filter was also presented as part of the
extraction of V component. Tight system integration was also achieved along
with very effective color space conversion mechanism to minimize degradation
of system’s performance. It has been observed that the system is able to sustain
a throughput rate of 182.65 million outputs per second (MOPS) or equivalently
52.8 billion operations per second with 17×17 homomorphic filter on Xilinx’s
Virtex II XC2V2000-4ff896 FPGA at a clock frequency of 182.65 MHz. Given
1024×1024 image frame, it can process over 174.2 frames per second without
frame buffering at its peak performance. It was further observed that the pro-
posed architecture requires approximately 70.7% less logic slices on average when
compared to the architecture for gray-level image enhancement [10].
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