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Abstract: Gamma correction is a common image processing technique that is common in video
or still image systems. However, this simple and efficient method is typically expressed using
the power law, which gives rise to practical difficulties in designing a reconfigurable hardware
implementation. For example, the conventional approach calculates all possible outputs for a pre-
determined gamma value, and this information is hardwired into memory components. As a result,
reconfigurability is unattainable after deployment. This study proposes using the Taylor series
to approximate gamma correction to overcome the aforementioned challenging problem, hence,
facilitating the post-deployment reconfigurability of the hardware implementation. In other words,
the gamma value is freely adjustable, resulting in the high appropriateness for offloading gamma
correction onto its dedicated hardware in system-on-a-chip applications. Finally, the proposed
hardware implementation is verified on Zynq UltraScale+ MPSoC ZCU106 Evaluation Kit, and the
results demonstrate its superiority against benchmark designs.

Keywords: gamma correction; Taylor series; reconfigurability; hardware implementation; Zynq
UltraScale+

1. Introduction

Automation has garnered a keen interest from industrial and academic communities,
as clearly witnessed by the rapid growth in autonomous driving vehicles and intelligent
surveillance systems. Notably, machine vision algorithms play a crucial role in the progress
towards full automation, and so do the constituent low-level image processing techniques.
The reason is that visual data are more informative than other sensory data, showing greater
potential for a successful amalgamation between humans and machines in workplaces.
Concerning these low-level techniques, gamma correction (GC) is an essential part of the
in-camera image processing pipeline in its well-known application in image encoding [1].
In this context, according to Stevens’s power law [2], the human visual system is more
sensitive to differences between dark tones than between bright tones. Hence, GC allows
allocating the number of bits to encode image intensities dynamically, that is, more bits for
dark tones and fewer bits for bright tones. Consequently, this encoding scheme efficiently
uses bits/bandwidth to store/transmit images.

Recently, GC has been exploited in image dehazing algorithms [3,4]. As an apparent
corollary of Koschmieder’s law [5], the hazy image is brighter than the originally clean
image due to the light scattered when light photons encounter microscopic aerosols in
the atmosphere. Galdran [3] exploited this idea and demonstrated that selectively fusing
several under-exposed versions of the hazy image could attain the dehazing effect. In
this approach, GC was utilized to artificially under-expose the input image to create
corresponding images for the subsequent image fusion. The reason for selecting GC was
mainly its simplicity from the software perspective. Because GC is typically expressed
using the power-law;, it solely takes three floating-point operations to process a red-green—
blue (RGB) image. Moreover, the exponentiation by the squaring algorithm of C’s standard
library facilitates the fast implementation of GC. However, from the hardware perspective,
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GC is relatively cumbersome. As a common practice, hardware designers realize GC by
means of look-up tables (LUTs), which have been hardwired using pairs of pre-calculated
input-output data. For example, Ngo et al. [4] improved the method of Galdran [3] and
proposed an efficient hardware architecture in which GC was realized as LUTs. However,
the LUT-based realization of GC limits the performance tuning of this dehazing system
because the gamma parameter in GC is fixed for determining the content of LUTs. As a
result, users have to tune other parts of the system rather than the GC, even though GC
directly influences the dehazing performance. Therefore, run-time reconfigurability of GC
is still unattainable.

As discussed thus far, a conspicuous disadvantage of LUT-based GC design lies in
the inability to freely adjust the gamma parameter because of the pre-calculation of LUTs’
content. This study, hence, proposes a run-time reconfigurable implementation of GC
using the Taylor series. More specifically, the power form of GC is first modified to include
the exponential and logarithmic functions. Then, the fourth Taylor polynomial of the
exponential function is used to approximate the original power form. This polynomial
also serves as the floating-point description for the hardware design phase. Next, the error
tolerance of £1 least significant bit (LSB) is selected to derive the corresponding fixed-point
description, which serves as a blueprint for the hardware implementation. Although the
floating-point description can be used to derive the hardware design directly, this type
of implementation requires a substantial amount of hardware resources. Therefore, the
conversion to the fixed-point format, which reduces the number of bits representing the
design’s internal signals, is a necessary step. Finally, Zynq UltraScale+ MPSoC ZCU106
Evaluation Kit (Xilinx Asia Pacific Pte. Ltd., Singapore, Singapore) is used to validate the
real-time processing capability.

The rest of this paper is organized as follows. Section 2 presents background knowl-
edge about GC and Taylor series. Section 3 reviews the major implementation platforms,
while Section 4 briefly explores existing hardware architectures for realizing GC. After that,
Section 5 details the proposed hardware implementation, including the floating-point de-
sign and the hardware described by Verilog hardware description language (IEEE Standard
1364-2005) [6]. Section 5 also provides the implementation results and demonstrates the
real-time processing capability, while Section 6 describes the hardware verification using
Zynq UltraScale+ MPSoC ZCU106 Evaluation Kit (Xilinx Asia Pacific Pte. Ltd., Singapore,
Singapore). Finally, Section 7 concludes the paper.

2. Preliminaries

This section briefly introduces the GC and Taylor series, serving as a hinge point for
the subsequent description of the proposed method in Section 5.

2.1. Gamma Correction in Image Processing

Once, at the dawn of television technology, GC was invented to nullify the display’s
nonlinear input-output characteristic. For example, in the early cathode ray tube display,
the beam intensity is nonlinearly proportional to the voltage applied to the electron gun.
Accordingly, applying GC to the input signal can cancel out this nonlinearity [7]. However,
GC not only compensates the display device’s characteristic; it is also appropriate to the
encoding paradigm for optimizing image storage/transmission, as mentioned earlier in
Section 1. Thus, this interesting combination of coincidence and engineering facilitates
early television technology.

Mathematically, GC is typically expressed using the power law, in which the non-
negative real-valued input intensity Yj, is raised to the power 7 to obtain the output
intensity Y. In the image processing field, input and output data are generally normalized
to the range between zero and unity, and the power (henceforth referred to as gamma
parameter or gamma value) is positive. Figure 1 depicts three modes of GC, corresponding
toy <1,7v=1and vy > 1. For v < 1, specifically, ¥ = 0.5 in Figure 1a, dark details
become easily noticeable at the cost of bright detail loss. Conversely, bright details are
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of better clarity, whereas dark details may be black-limited, as illustrated in Figure 1c
for v > 1 (y = 2). Finally, when = 1, as depicted in Figure 1b, the input data is left
unchanged.

Yout = Yin . 1)

Output value
Output value

0 0.5 1 0 0.5 1 0 05 1
Input value Input value Input value

(b)
Figure 1. Gamma correction curves and corresponding effects on an image: (a) v = 0.5, (b) ¥y =1,
and (c) v = 2.

Regarding the recent use of GC in image dehazing, the third operation mode cor-
responding to v > 1 is referred to as artificial image under-exposure. In this context,
the gamma value denotes the under-exposure degree, and it is inversely proportional
to the image brightness. Because the hazy image exhibits a substantial increase in lu-
minance, applying GC with different gamma values is analogous to restoring the actual
luminance of hazy constituent regions. Consequently, judiciously fusing these regions
from under-exposed images can produce a satisfactory result with desirable dehazing
effects. As discussed previously, Galdran [3] and Ngo et al. [4] approached image dehazing
from this perspective, and their results were of comparative quality compared with other
state-of-the-art dehazing algorithms. Notwithstanding such an on-par performance, the
processing time was impressively fast due to the simplicity of pixel-wise operations, such
as GC and image fusion. The discussion thus far has demonstrated that the simple and
efficient GC is of fundamental importance in the image processing field.

2.2. Taylor Series

The Taylor series of a function—named after Brook Taylor [8]—is an infinite sum of
its derivatives at a single point, as shown in Equation (2). The notation T{f(x)} denotes
the Taylor series of a real-valued function f(x), which must be infinitely differentiable
at a real number 4. The right-hand side of Equation (2) is also called the nth Taylor
polynomial, where 7 takes on non-negative integer values, n! denotes the factorial of n, and
(") (a) denotes the nth derivative of the function f(x) evaluated at the point x = a. It is
noteworthy that the partial sums of the series are widely used to approximate the function.
The approximation’s accuracy increases as more terms are included.

= [ (a) n
Ti@) = L e @

In mathematics, the Fourier series is similar to the Taylor series to a certain extent be-
cause it also expresses a periodic function as an infinite sum of sines and cosines. However,
this study selects the Taylor series for function approximation for two main reasons. Firstly,
the Taylor series calculation only requires the knowledge of the function on the proximity
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of a point. In contrast, calculating the Fourier series requires that the function is defined
on a whole domain interval. Accordingly, using the Taylor series results in a considerably
small error in the point proximity where it is computed. Furthermore, the powers in the
Taylor series’s partial sums are much easier to realize in the hardware implementation
phase than the sines and cosines of the Fourier series.

The exponential function exp(x) and its corresponding Taylor series at the origin
(a = 0), shown in Equation (3), are prime examples of function approximation using the
Taylor series. As illustrated in Figure 2, all five Taylor polynomials considered therein are
precisely equal to the exponential function at the point 2 = 0. However, approximation
errors increase at points farther away from the origin, and they are inversely proportional
to the polynomial degree n. When n = 0, the Taylor polynomial is simply one, and
this polynomial is the least favorable approximation. When n becomes larger, the Taylor
polynomial better resembles the actual exponential function—depicted as the solid blue
line in Figure 2. Nevertheless, a too-large value of n places a heavy burden on the hardware
implementation phase. Fortunately, it can be deduced from Figure 2 that the fourth Taylor
polynomial is virtually identical to the exponential function in a small neighborhood around
the point 2 = 0. Hence, this study utilizes the fourth Taylor polynomial to approximate the
exponential function.

00 xn
T{exp(x)} =) i ©)
n=0 """
8 : .
—Reference
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Figure 2. Exponential function and its Taylor series at zero.

3. A Brief Review of Implementation Platforms

Currently, the central processing unit (CPU), graphics processing unit (GPU), and
field-programmable gate array (FPGA) are prevailing implementation platforms. Among
them, the CPU and GPU offer distinct advantages in terms of flexibility, portability, and
programming abstraction, which are beneficial to algorithm development and verification.
Despite the convenience that CPUs and GPUs offer, achieving high computing performance
and energy efficiency is not easy. More specifically, by their nature, CPUs are general-
purpose platforms and thus have to sacrifice computing performance and energy efficiency
for flexibility and portability. Meanwhile, GPUs offer a higher level of parallelism than
CPUs; hence, they typically consume more energy to ensure high computing performance.
In contrast, due to their high-speed processing capability, reconfigurability, and energy
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efficiency, FPGAs offer an attractive alternative option, albeit with a burden of development
and verification.

Concerning the processing speed per se, GPUs stand out as a potential candidate
because they can handle image data quickly while not requiring considerable develop-
ment effort. In practice, they are the primary platform for training and running deep
neural networks. For example, Zhang and Tao [9] presented a dehazing network that
could handle 620 x 460 images at 35 frames per s (fps) with an Nvidia Titan Xp. Never-
theless, in real-world embedded systems, processing speed is often considered together
with energy efficiency. Accordingly, GPUs appear to be less efficient owing to high power
consumption and short lifespan, leading to the gradually increasing preference of FPGAs
to GPUs [10]. However, owing to the potential exhaustion of computing resources, FPGAs
cannot completely substitute GPUs when implementing deep neural networks whose inher-
ent computational complexity is exceptionally high. Instead, FPGA-GPU heterogeneity is a
feasible and efficient stopgap [11]. A prime example is that Microsoft Research leveraged
FPGAs to accelerate its Bing search engine, resulting in a 50% increase in throughput of
the search ranking [12]. Except for implementing deep neural networks, FPGAs typically
outperform GPUs in terms of processing speed and energy efficiency when implementing
common image processing techniques, as demonstrated by various studies in the litera-
ture [13-16]. In the previous example of image dehazing, an FPGA realization of a similar
algorithm can process 4096 x 2160 (4K) images at 30.7 fps [17]. Therefore, FPGA-based im-
plementations are highly appropriate for real-world embedded systems, where processing
speed and energy consumption are critical.

Notably, low-power GPUs do exist for integrating into real-world embedded systems.
The Tegra X2 GPU equipped on the Nvidia Jetson TX2 board is a prime example. According
to a thorough investigation by Wielage et al. [18], Tegra X2 GPU was more efficient than the
contemporary Xilinx Virtex UltraScale+ FPGA under power consumption per se. However,
when considering power consumption in conjunction with processing speed, Xilinx Virtex
UltraScale+ FPGA was 6.5 % times faster than Tegra X2 GPU, while the power efficiency was
4.3x times lower. Those findings suggest that low-power GPUs are possible alternatives
to FPGAs when the power and performance budgets can be sacrificed to shorten the time
to market. In contrast, FPGAs are the best choice to achieve low power consumption and
high computing performance in real-world embedded systems.

4. Related Work

In general, hardware designers implement GC using either LUTs [19,20] or piece-wise
linear polynomial approximation [21-23]. The LUT-based realization is seemingly the
most straightforward method, in which input-output pairs for a specific gamma value are
hardwired into memories. As discussed earlier in Section 1, this method fixes the gamma
parameter at a particular value, which significantly reduces the flexibility. As a result,
hardware designers have to resort to using several LUTs for different gamma values if
they aim to increase flexibility. For example, a typical eight-bit input, eight-bit output LUT
requires 2048 bits for one gamma value. If the GC design supports 128 different gamma
values, the total memory requirement is 32 KB. This amount of memory may be problematic
for resource-constrained platforms—such as microprocessors (uPs) and microcontrollers
(uCs)—because GC is a simple operation that cannot occupy too much space in the system
memory. In addition, realizing GC using LUTs is also subject to banding artifacts. As
illustrated in Figure 3a, the GC’s curve possesses a steeper slope at low input values than
high input values. Accordingly, the large jumps in the output values may cause banding
artifacts. Hardware designers often decrease the quantization step by using more bits to
represent the input data to solve this problem, thus increasing the LUT’s size and incurring
a heavy memory burden.

Observing the limitations of the LUT-based method, hardware designers have pro-
posed an alternative that employs piece-wise linear polynomial approximation. Under
this approach, the input domain is divided into segments that are not necessarily equal in
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size. Then, for each segment, the corresponding output values are calculated using linear
approximation or interpolation, as illustrated in Figure 3b. Although this approach allevi-
ates the memory burden, the precision of output data is lower than that of the LUT-based
approach. The method proposed by Lee et al. [23] improved the precision by employing
hierarchical segmentation to partition the input domain in a nonuniform manner. Their
method ensured that the resulting segments were minimal, and the accuracy was -1 LSB.
Nevertheless, methods using piece-wise linear polynomial approximation do not support
adjusting the gamma parameter freely. Similarly to LUT-based methods, they also require
pre-determining the gamma parameter to calculate corresponding polynomial coefficients
in each segment. The lack of on-the-fly tuning ability limits the breadth of GC’s applications
in real-world systems.

1 >
Output values stored 1
in the look-up table ’
Reference
[}
5 o
< =
Z s
= 2. .
8 £
z o %Approximation
| /!
. Reference ,'
0é 0 | | | |
0 1 0 1
Input value Input value

(a) (b)
Figure 3. Illustrations of two implementation methods using (a) look-up table and (b) piece-wise
linear polynomial approximation. A gamma value of 0.5 is assumed.

Because the development of memory and transistor technologies is currently not
as fast as it used to be, it is difficult to increase the processing speed of the CPU and
GPU. Accordingly, heterogeneous computing platforms are becoming a viable alterna-
tive for high-performance computing. They typically include CPUs, GPUs, and FPGAs;
hence, the communication between these constituents is essential to gain performance
and energy efficiency. Consequently, the aforementioned lack of tuning ability is a serious
obstacle for CPUs and GPUs to offload computations onto the GC’s accelerator. Therefore,
this observation is the motivation for the Taylor-series-based implementation of GC in
this study.

5. Proposed Method

This section describes the proposed method from a software perspective (floating-
point description) to a hardware perspective (fixed-point description). It also discusses
several aspects of the hardware design phase, which are exploitable to achieve a high
processing speed.

5.1. Floating-Point Description

As a starting point, the power-law expressing GC in Equation (1) can be re-written in
terms of exponential and logarithmic functions, as follows.

Yout = Vi, = exp[In(Yi,")] = exp[y - In(Yin)], 4)

where exp(-) and In(-) denote the exponential and natural logarithmic functions, respec-
tively. As described in Section 2.2, the exponential function can be accurately approximated
by the fourth Taylor polynomial at the proximity around the origin. Therefore, the GC’s
approximation can be obtained by letting A = 7 - In(Y},) and then performing a neat
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conversion, based on the power to a power rule described in Equation (5), to ensure that
the exponent is extremely small.

AN B2 B> B\
Your = EXP(A) = |:3xp<2m>:| ~ <1+B+ 7 + ? + 24> ’ (5)

where B = A/2" becomes extremely small for a fairly large value of m. More specifically,
the larger the variable m is, the closer the exponent B is pushed to the origin. Consequently,
the approximation using the Taylor polynomial in Equation (3) is more accurate. However,
from the hardware designer’s perspective, a higher accuracy comes at the cost of increasing
hardware resource utilization. Therefore, this study empirically sets m to ten (m = 10)
to balance this trade-off. Additionally, Equation (5) is slightly re-arranged to facilitate
the subsequent hardware implementation, resulting in the floating-point description in
Equation (6).

B2 B BH\%Y B B2 B\1%"
Yout~(1+B+2+6+24> _{1+B[1+2+6(1+4>H. ®)

Figure 4 provides a first and rough insight into the hardware utilization of the GC’s
approximation based on the floating-point description. Because the logarithmic opera-
tion drops down the exponent v, the problem that hinders the reconfigurability of GC is
remedied. The computation of In(Y;,) is attainable by pre-calculating all input-output
pairs and storing the results in the on-chip memory (RAM). This type of implementation is
reconfigurable because the memory contents can be updated at the run-time. Concerning
the remaining operations, adders and multipliers suffice for a fast and compact imple-
mentation. At first glance, the GC’s approximation in Figure 4 requires a small RAM,
four adders, and fifteen multipliers, which is relatively small compared with common
operations such as division and square-root.
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Figure 4. Computational flow of the floating-point description.
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As mentioned earlier in Section 1, the floating-point description per se suffices for the
hardware implementation. This type of hardware design is typically synthesized using
C-like languages, such as C2Verilog [24] and Handle-C [25], and the time to market can
be shortened significantly. Nevertheless, these high-level languages share two common
problems pertinent to concurrency and timing control, as pointed out by Edwards [26]. As
a result, Verilog (IEEE Standard 1364-2005) [6] and VHDL (IEEE Standard 1076-2019) [27]
are still the main means for realizing signal processing algorithms in reconfigurable devices.
Additionally, researchers and practitioners often leverage pipelined architectures and
fixed-point representation to gain maximum benefits from Verilog and VHDL hardware
description languages. The former refers to a set of processing elements that are connected
in series and executed in parallel. This type of data processing scheme optimizes the
throughput and thus improves processing speed [28]. Meanwhile, the latter refers to
a particular technique for representing fractional values using binary numbers. This
representation style reduces resource utilization and results in a compact hardware design.
This study will describe these two relevant techniques in the following subsections.

5.2. Fixed-Point Description

The fixed-point description refers to a particular step in the hardware implementation
phase, where each signal within the design is represented by a fixed number of bits
(henceforth referred to as the signal’s word length interchangeably). The objective is to
minimize the signal’s word length while retaining an acceptable accuracy compared with
the floating-point description.

Fixed-point number representation is useful for representing fractional numbers in
low-cost embedded uPs and uCs, where floating-point processing units are excluded to
ensure low power consumption and low market price. Although fixed-point numbers are
actually integer numbers, a “virtual” binary point is used to implicitly scale the numbers
by a specific factor. For example, the binary number 01100011, represents the decimal
value 143,y. By adding a virtual binary point in the middle 0110.00115, the represented
decimal value becomes 6.18751, as illustrated in Figure 5. The numbers of bits to the left
and the right of the virtual point are called integer bits and fractional bits, respectively. For
representing fixed-point numbers with corresponding word length, several notations have
been developed. This study adopts the <s, p,i> notation of the LabVIEW programming
language [29]. In this format, s serves as an indicator signifying whether the number is
unsigned or 2’s complement signed. Accordingly, it is either + or %, respectively. The
remaining p denotes the word length, with i being the integer part. Following this notation,
the fixed-point number in Figure 5 can be expressed as <+, 8,4>.

I

i Binary number

|
| Powerof2 27 26 25 2¢ 28 22 21 20
|
|
|
|
|

Binaryrepresentation| O | 1 | 1 | O | O | O [ 1 | 1 | = 143,

I

| | Fixed-point number

|

i Powerof2 23 22 21 20 21 22 23 24
|
iBinaryrepresentation 0(1|1]0|0]0)1
|
|
|
|
|
|
|

[EEY
|

= 6.1875,,

Y /\ Virtual binary point
Integer bits

Y
Fractional bits

Figure 5. Example of fixed-point number representation.
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The conversion from a real-valued floating-point number X to its corresponding fixed-
point value Xy; is shown in Equation (7). The |- | notation denotes the floor function (or
round toward minus infinity), the subtraction (p — i) denotes the number of fractional
bits, and sgn(-) denotes the sign function—defined in Equation (8). In the definition of
Equation (7), the round operation implicitly rounds the value X - 27~ away from zero to
the nearest integer with a larger magnitude, conforming with MATLAB R2019a’s definition.
This type of rounding allows using MATLAB R2019a for fixed-point conversion, shortening
the design time significantly.

X = [X-zp" +sgn(X) - ;J )
-1 X<0

sgn(X) = <0 X=0. 8)
1 X>1

The goal of fixed-point design is to determine the word length of all signals in the
design so that the output error remains within a pre-determined tolerance. In general, this
error tolerance is £1 LSB for eight-bit image data. However, this study places the virtual
point ahead of those eight bits to represent the normalization of image data. Accordingly,
the bit position to calculate the error tolerance is at the eighth bit of the output. Given
the error tolerance, the range of y is another requisite for evaluating the output error. As
discussed in Section 2.1, 7y takes on positive real values that can theoretically increase to
infinity. However, when -y becomes too large, most image data appear too dark to be
discernible. In addition, a large number of bits is also required to represent the image
data in that case, but current display devices are unable to support such image data.
Consequently, this study empirically sets v’s word length to < +,8,4 >, signifying that ¢
ranges from zero to 15.9375,¢ at a step of 0.06251y. Figure 6 demonstrates the output error
for all y values, and it is easily noticeable that the error varies within the tolerance of +1
LSB. The detailed information about the word length of internal signals is illustrated in
the data path in Figure 7. This data path serves as a blueprint for designing the hardware
implementation.

1
0.8+
0.6+
0.4+
0.2+ ]

0L ,

0.2} ]

0.4} ]

+1LSB

Error

0.6+
0.8+

0 2 4 6 8 10 12 14 16
~ value

-1

Figure 6. Error at the output for different y values.

In Figure 7, the input data are Yj, and < with the corresponding word lengths of
<+,8,0> and <+, 8,4>, while the output data is represented by Y,,;, whose word length is
<+,25,0>. Control signals include the clock, reset, horizontal active video, and vertical
active video. They are used to ensure the synchronous operation and are denoted as Clock,
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Reset, hav, and vav in the bottom-left corner of Figure 7. At the beginning of the data path,
two multiplexers are employed to discard the zero values of Y;, and 7 because 11(0) is
undefined and Y)), is meaningless. After that, the data flow is analogous to that depicted
in Figure 4, except that addition, multiplication, division, and square operations are now
realized by digital circuits. Notably, although the split multiplier is functionally identical
to the multiplier, it is pipelined to ensure a high throughput when multiplying numbers
with large word lengths.

|Yi,, where | denotes the unary reduction OR operation

0x55 (1/3)
<+, 8, 0>
in 0]<+.8,0> )<+ 8,0> | 100 et 14,32 1< 14,35 |<+,15, 85 1<r, 15, 03 <+, 8,0>
oxoL <+, 8, 0> 1 RAM l <+, 22, 15>L gl % —|<+, 22,0> X —|<+, 20, 0>{:|FF
<+,30,0>L U<+, 30, 0>L
ty (/1)
<+, 8, 4>
Y \(}ﬂ <+, 8, 4> [l <+, 8, 4> o <+ 1,1> - <+, 15, 0> JE_>
X S
L [Ral <+,15,0>
<+, 20, 0> 1 <+, 10, 10> -
<+,20,0> 7 <+20,0> <+ 20,0> Ox3FF (2;
s 20, 0> {X <+ 40 0>L * FF % —|<+, 15, 0> R <+, 25, 0> - « // ————————— N
‘L <+, 19, 0> <+,15,0> <+, 35, 0>L { Flip-flop \
Ox1F <+b4’F4> <+, 1,1> |
<+, 5, 5> X | e Inverter |
S Frs Ox1
< 15,00 L] <+, 15, 0> : ﬁ Adder :
| |
I ﬁ Multiplier |
<+,25,0> 1 : |
- <+, 25,0> i |
2 ~|:>< s '\ |<+50.0> <+, 25,00 1~ " Split |
- <+,50,0>|_ % 25,05 50, [ multiplier |
<+,50,0>]_ [RAN out | |
Clock — | |
Reset — | | . |
hav —> V \ Multiplexer ,
vav —> 10 split multipliers N > =7

Figure 7. Data path of the run-time reconfigurable gamma correction with explicit word length information. Clock, reset,

hav, and vav denote the clock, reset, horizontal active video, and vertical active video signals.

5.3. Hardware Implementation

Given the fixed-point description in the form of the data path in Figure 7, Verilog
hardware description language is used to describe the hardware implementation. Because
most of the operations are simple, this section solely focuses on the reconfiguration of the
logarithmic function, which is realized by RAM, and the split multiplier, which pipelines
the multiplication to achieve real-time processing.

Figure 8 depicts the block diagram of the hardware verification, whose top-left portion
is the RAM’s content updating scheme. It is noteworthy that the RAM-based implemen-
tation of the logarithmic function enables run-time reconfigurability; that is, the RAM’s
content can be updated dynamically. However, before describing how to update the RAM’s
content in more detail, it is necessary to look quickly at the hardware verification. In
Figure 8, the host computer is the master, which executes the “C platform” to provide the
graphical user interface (GUI). Through the GUI, the “C platform” captures user-defined
parameters and input data—including the RAM’s content and image data. It then writes
that body of data to the DDR4 memory via the universal serial bus (USB) communication.
As a result, the quad-core ARM® Cortex™-A53 processor on the Zynq UltraScale+ MPSoC
ZCU106 Evaluation Kit (Xilinx Asia Pacific Pte. Ltd., Singapore, Singapore) (the slave in
this hardware verification) can fetch the data. The “controller”, in turn, interacts with the
ARM® Cortex™-A53 processor to obtain user-defined parameters and input data from
DDR4 memory. At this time, the “controller” writes the RAM’s content to the on-chip
RAM while also writing the image data to the read buffer memories located in the “double
buffering interface”. After that, the “user design”, which contains the proposed run-time
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reconfigurable GC, retrieves the results of the logarithmic function from the on-chip RAM
and processes the image data. Finally, the processed data are written back to the write
buffer memories in the “double buffering interface” before the “controller” writes them
to DDR4 memory. Therefore, the “C platform” can obtain the processed data via USB
communication to display to the user.

Zynq UltraScale+ MPSoC ZCU106 Evaluation Kit |

S mm e ————— T T T T N
{ ( P write data 1 User-defined \I
H write enable ! cParameters |
' on-chip i N '
: d ram select H RAM’s |
i write address | content | Host computer
: ; €— | read address | : (MM S
1 ¢ > 1 |
1 1 | |
: ! y DDR4 : I ||| C platform |
. | |
: 'l Logic i Controller memory | | | |
|} circuits ] : I :
. ! |
¥ A User design ! | { = |
I N e ——— - 4 ! s ——————
K '
| R Processed |
| | Double buffering image data |
I\ interface :

Figure 8. Block diagram of the hardware verification. The top-left portion is the RAM’s content updating scheme for

run-time reconfigurability.

Concerning the RAM’s content updating scheme, the “controller” uses the retrieved
RAM'’s content from DDR4 memory as “write data”. Meanwhile, it leverages a counter
to generate the “write address” and enables the “write enable”. It then routes the “write
address” to the address port of the on-chip RAM via the “select” signal. Most importantly,
the “controller” utilizes the vertical active video signal to ensure that the write operation
occurs during the vertical blank period—the time between the end of a frame and the
beginning of the next frame—to avoid data corruption. For the read operation, the “con-
troller” now disables the “write enable”, while the “logic circuits” uses the image data as
the “read address”. The “controller” then routes the “read address” to the address port
of the on-chip RAM via the “select” signal. Therefore, the “logic circuits” can retrieve the
requisite results of the logarithmic function for processing the image data. Hence, this
RAM’s content updating scheme, coupled with the Taylor-series-based approximation of
the exponential function, results in the full reconfigurability of the proposed design at
the run-time.

Another aspect to consider is the real-time processing capability. As depicted in
Figure 7, timing violation is highly likely to occur in multipliers owing to the large word
length of operands. In this study, the multiplication is pipelined, as depicted in Figure 9.
Firstly, the M-bit multiplicand and N-bit multiplier are arbitrarily split into halves. The
distributive and associative laws are then applied to break the original multiplication into
four smaller parts. This process is demonstrated in Equation (9), where Q, A, and B denote
the product, multiplicand, and multiplier, respectively. The multiplicand is separated into
My-bit Ay and (M — My)-bit A; parts in that equation, and so is the multiplier whose two
parts are Np-bit By and (N — Np)-bit B;. The derived addition operations (for example,
A1B12M2 + A, B;) are then performed judiciously so that the hardware synthesis tool does
not infer unnecessarily large adders. In the previous example, A1 B12M2 is equal to A;B;
padded with M, zeros to the rear. Therefore, the corresponding M, LSBs of A;B; can be
wired directly to the register containing the sum. It is only necessary to add the remaining
bits of A;B1 to A1Bj and store the result in the corresponding location in the sum register.

Q

A-B
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= (A2" + A7) - (B2 + By)
= A1312M2+N2 + A1B22M2 + A2312N2 + ApBy

= (A1B12™2 4 AyB1)2N2 + (A1B2M2 4 A,By) )
M-1 0 N-1 0
[ mMybits | M,bits | [ Npbits | Nybits |
Multiplicand Multiplier
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Figure 9. Block diagram of split multiplier for real-time processing.

In practice, real-time systems in real-world applications typically handle RGB image
data. Therefore, this paper first presents two “user design” architectures—illustrated in
Figure 10—to seek out the most efficient design that facilitates the integration into existing
real-time systems. After that, it presents a comparative evaluation that assesses this chosen
design against two conventional approaches discussed in Section 4. In Figure 10a, the
proposed run-time reconfigurable GC is applied to the red, green, and blue image channels
separately; hence, this design is named RGB-GC. By contrast, the architecture in Figure 10b
first converts the input image to the YCbCr color space and then applies GC to the lu-
minance channel only; therein lies the name YCbCr-GC. This architecture also leverages
the chrominance subsampling [30] to convert the standard 4:4:4 YCbCr data into 4:2:2
format, reducing the hardware resource utilization for chrominance processing/storage.
At first glance, the YCbCr-GC appears to be more compact and efficient than the RGB-GC.
However, a detailed discussion on this issue will be presented at the end of this section to
avoid rambling.

5.4. Implementation Results

The implementation results are summarized in Table 1, where slice registers, LUTs,
and RAM36X1Ss are referred to as primitives—the simplest design elements in the Xilinx li-
braries. More precisely, slice registers and LUTs denote the logic area, while RAM36X1Ss
denote the memory area. These quantities represent the area that the design will occupy
on the target device. As demonstrated in Table 1, the two designs in Figure 10 are rela-
tively compact and fast, as witnessed by a small hardware utilization and high operating
frequency. More specifically, the RGB-GC utilizes, respectively, 1.09%, 11.18%, and 0.48%
of slice registers, LUTs, and RAM36X1Ss, while the corresponding percentages of the
YCbCr-GC are 0.58%, 4.29%, and 0.16%. Moreover, the fractional numbers of RAM36X1Ss
utilized in the two design are worth an explanation. RAM36X1S is a 36 KB block RAM that
can be configured as a total 36 KB RAM or two 18 KB RAMs [31]. In the proposed run-time
reconfigurable GC, the RAM’s content is the pre-calculated values of In(Y;,,)—which have
a word length of 14 bits; thus, it requires 0.4375 KB. Consequently, the RAM-based imple-
mentation of In(Yj,) is mapped to an 18 KB RAM of RAM36X1S. In other words, it occupies
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half of RAM36X1S or 0.5 RAM36X1Ss. Therefore, the RGB-GC instantiates three GCs for
red, green, and blue channels; hence, it utilizes 1.5 RAM36X1Ss. In contrast, the YCbCr-GC
utilizes 0.5 RAM36X1Ss because it only instantiates one GC for the luminance channel.
So, from the implementation results, it can be concluded that the YCbCr-GC is faster and
more compact than the RGB-GC. It is also observed that the YCbCr-GC consumes less
power than the RGB-GC, as demonstrated by the worst-case power consumption—which
is a sum of static and dynamic power reported by Xilinx Vivado v2019.1 for worst-case
operating conditions.

—_——— e

( \
| Proposed run-time I
: reconfigurable :
| |
l
|
|
|
|

Input RGB
image

Output
RGB image

\ 4

gamma correction
|—>| Second instantiation

Third instantiation

Luminance Proposec_! run-time | | yminance
RGB to > reconfigurable YCbCr 4:2:2

LLS| veber 4:2:2 gamma correction toRGB > RGOBUti?r:Jatl e
conversion c

\ 4

Input RGB
image

conversion

Chrominance Chrominance
> >

(b)
Figure 10. Two hardware designs for facilitating the integration of the proposed run-time recon-
figurable gamma correction into existing real-time systems: (a) the first design that processes the
red—green-blue image data separately (RGB-GC), and (b) the second design that performs color
space conversion and processes the luminance (YCbCr-GC).

Table 1. Implementation results of the proposed run-time reconfigurable gamma correction designs.
The symbol # denotes quantities.

Xilinx Vivado v2019.1 !

Device XCZU7EV-2FFVC1156
.  TTeilse e . RGB-GC YCbCr-GC
Slice Logic Utilization Available Used Utilization Used Utilization
Slice Registers (#) 460,800 5044 1.09% 2686 0.58%
Slice LUTs (#) 230,400 25,756 11.18% 9887 4.29%
RAMB36X1Ss (#) 312 1.5 0.48% 0.5 0.16%
Worst-Case Power 2562 W 1246 W
Consumption
Minimum Period 3.288 ns 3.208 ns
Maximum Frequency 304.136 MHz 311.721 MHz

! The EDA Tool was supported by the IC Design Education Center (IDEC).

Furthermore, the maximum processing speeds (M PSs)—calculated using Equation (10)
and tabulated in Table 2—demonstrate that these two designs can, respectively, process
DCI 4K video at 34.35 and 35.21 fps. These results satisfy the real-time processing require-
ment of 30 fps for both PAL and NTSC color encoding systems [32]. In Equation (10),
fmax denotes the maximum operating frequency, (H, W) denotes the image’s height and
width, and (VB, HB) denotes the vertical and horizontal blanks. It is worth noting that
Xilinx Vivado v2019.1 does not provide the maximum operating frequency in the imple-
mentation report. Instead, this information was derived from the target clock period (T)
and worst negative slack (WNS), as shown in Equation (11). In this study, both hardware
designs can operate properly with (VB, HB) of at least one image line and one image pixel.
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Thus, the implementation results presented herein demonstrate that those two designs are
highly appropriate for high-speed and high-quality image processing applications, both in
standalone operation and in cooperation with other systems.

. fmux
MPS = W+ HB). (H+VB) (10
1
fuax = Ty (1)

Table 2. Maximum processing speeds for different video resolutions. The symbol # denotes quantities.

Processing Speed (MPS)

Video Resolution Frame Size Required Clock Cycles (#) RGB-GC YCbCr-GC
Full HD (FHD) 1920 x 1080 2,076,601 146.46 150.11
Quad HD (QHD) 2560 x 1440 3,690,401 82.41 84.47
UW4K 3840 x 1600 6,149,441 49.46 50.69
4K UHD TV 3840 x 2160 8,300,401 36.64 37.55
DCI 4K 4096 x 2160 8,853,617 34.35 35.21

Figure 11 demonstrates a qualitative comparison between these two designs and
the reference floating-point versions. As illustrated in Figure 11, the results of RGB-GC
and YCbCr-GC are slightly different. However, this difference is insignificant because
the 7y parameter can be freely adjusted using the proposed architecture. Therefore, users
can fine-tune the 7y parameter to obtain the desired results. In addition, the hardware
implementations are designed based on the fixed-point descriptions, which in turn are
derived from the floating-point references with the error tolerance of £1 LSB. Hence, the
difference between the results of RGB-GC and YCbCr-GC and their corresponding floating-
point references (denoted as RGB-GC ref. and YCbCr-ref.) is indiscernible. This qualitative
comparison, coupled with the implementation results, demonstrates the efficacy of the
YCbCr-GC design.

RGB-GC RGB-GC ref. YCbCr-GC YCbCr-GC ref.

Figure 11. Qualitative comparison of the RGB-GC, YCbCr-GC, and their corresponding floating-point references.
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Finally, the YCbCr-GC is compared against two conventional designs of GC—which
employ LUTs and piecewise linear polynomial approximation. Table 3 summarizes the
implementation results of these three designs in two cases where the gamma parameter is
fixed and freely adjustable. The designs that employ LUTs and piecewise linear polynomial
approximation are denoted as LUT-based GC and PLPA-based GC, respectively. In addition,
because Lee et al. [23] provided the implementation results of these two benchmark designs
in case the gamma parameter was fixed, this study reuses those data. In case the gamma
parameter is freely adjustable, this study employs the reported data by Lee et al. [23] to
calculate the corresponding memory utilization. In this case, for a fair comparison, the
adjustable range of the gamma parameter is from zero to 15.9375; at a step of 0.06251). As
the gamma value of zero does not require any calculation, this range includes 255 different
gamma values. Therefore, the LUT-based GC must be equipped with additional 255 LUTs
to support adjusting the gamma parameter. Meanwhile, Lee et al. [23] have to add another
255 polynomial coefficient tables to their PLPA-based GC. Hence, these two designs suffer
from a heavy memory burden as they require approximately 1 MB and 25 KB. By contrast,
the proposed YCbCr-GC can handle both cases without any additional modifications.

Table 3. Comparative evaluation with two conventional approaches. NA stands for not available. The symbol # denotes quantities.

Worst-Case Power

Gamma Parameter Design Memory (KB) Slice (#) Consumption (W)
LUT-based GC 4 1035 NA
Fixed PLPA-based GC 0.0967 177 NA
YCbCr-GC 0.4375 1236 1.246
LUT-based GC 1020 NA NA
Freely Adjustable PLPA-based GC 24.6585 NA NA
YCbCr-GC 0.4375 1236 1.246

A correction step is necessary for slice utilization because the YCbCr-GC and two
benchmark designs are implemented on two different FPGA devices. Lee et al. [23]
implemented the LUT-based and PLPA-based GC on a Xilinx Virtex-4 XC4VLX100-12
device, whereas this paper presents the implementation results of the YCbCr-GC for the
Xilinx UltraScale XCZU7EV-2FFVC1156 device. According to the data sheets [33,34], a slice
of the former device consists of eight LUTs and eight registers, while a slice of the latter
device comprises eight LUTs and sixteen registers. As a result, 2686 slice registers and
9887 slice LUTs in Table 1 are converted into 1236 slices in Table 3. For two benchmark
designs, they require a great number of LUTs and registers to handle the case where the
gamma parameter is freely adjustable. Those added resources are primarily for routing
the internal data according to the gamma parameter. However, because it is impossible to
calculate the exact numbers without re-implementing benchmark designs by hand, Table 3
represents them as not available (NA). Therefore, in case the gamma parameter is fixed,
the PLPA-based GC is the best design. Conversely, in case the gamma parameter is freely
adjustable, the proposed YCbCr-GC is the most efficient. Additionally, because fixing the
gamma parameter severely limits the practicality, it can be concluded that the proposed
YCbCr-GC is superior to the two benchmark designs.

6. Verification

As briefly discussed in Section 5.3, a “C platform” running on a host computer is
designed to monitor the operation of the “user design” implemented on Zynq UltraScale+
MPSoC ZCU106 Evaluation Kit (Xilinx Asia Pacific Pte. Ltd., Singapore, Singapore).
Figure 12 depicts the platform and the board in the real-world execution. The platform
consists of three main panels, in which the top panel displays the input-output data
side-by-side for performance demonstration. The bottom-left panel comprises buttons for
selecting the input data source and is called the platform control. Similarly, the bottom-right
panel consists of buttons and slide bars for configuring the “user design” and is called the
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algorithm control. Thus, this platform provides a visual and convenient means to verify
the real-time operation.

6-319)

Figure 12. Real-world execution of the proposed run-time reconfigurable gamma correction.

The algorithm control comprises a slide bar for adjusting the y parameter and a click
button for supplying the RAM’s content. The “C platform” captures those input data
and transfers them to the Zynq UltraScale+ MPSoC ZCU106 Evaluation Kit (Xilinx Asia
Pacific Pte. Ltd., Singapore, Singapore) via USB communication. In Figure 12, v = 2 was
used to produce the output image, and the “user design” implemented on the evaluation
board was the YCbCr-GC. Although the output image in Figure 12 is identical to the
corresponding result in Figure 11, a slight difference is noticeable. The reason is that
Figure 12 was captured using the smartphone’s camera; hence, it is virtually impossible to
account for all relevant factors such as imaging angle, monitor’s display characteristics,
and lighting condition.

This verification demonstrates the practicality of the proposed run-time reconfigurable
GC. Because the YCbCr-GC can handle RGB image data at a high processing rate, real-time
image processing systems in autonomous driving vehicles or smart surveillance cameras
can conveniently integrate it to attain high computing performance. In contrast, two
benchmark designs presented by Lee et al. [23] are only able to handle single-channel
image data. Therefore, it is burdensome to integrate them into existing real-time systems.
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Moreover, their lack of ability to tune the gamma parameter is still the biggest obstacle to
their practicality.

7. Conclusions

This paper described a run-time reconfigurable hardware implementation of GC, an
essential low-level image processing technique with various applications. As opposed to
the conventional approaches, which fix the gamma parameter for hardware implementa-
tion, this study supported a freely adjustable gamma parameter by first re-organizing the
power form of GC into the exponential function of the logarithm. It then exploited the
fourth Taylor polynomial to obtain an accurate approximation. This approximation served
as the floating-point description to perform the fixed-point design with the error tolerance
of +1 LSB, resulting in a compact hardware implementation. Additional techniques, such
as RAM-based logarithm implementation and pipelined multiplication, were also applied
to attain the real-time processing capability, which was verified using Zynq UltraScale+
MPSoC ZCU106 Evaluation Kit (Xilinx Asia Pacific Pte. Ltd., Singapore, Singapore). Ac-
cording to the verification result, the proposed hardware design is highly appropriate for
high-speed and high-quality image-processing applications.
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