
Abstract
This paper gives a design of real-time Histogram Equalization 
circuit for enhancement of images using Field Programmable 
Gate Arrays (FPGAs). This design makes use of counters in 
conjunction with a special decoder designed to compute the 
histogram statistics and equalization in parallel. The proposed 
system is fast, simple, and flexible with reasonable development 
cost. Timing simulation of the proposed system is verified using 
Altera software package (Quartus). 
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I. Introduction
In comparison with visible light images, thermal images suffer 
from low contrast and shortage of gray level representing 
the scene. Their images typically dominated by the back-
ground radiation at the average scene temperature leading 
to a narrow dynamic range. Therefore, a real-time thermal 
image enhancement is of a great interest for better image 
performance and quality. Histogram Equalization (HE) is an 
effective technique for image enhancement. It has been widely 
used in diverse fields that include radiology [1], thermal imaging 
[2], and speech recognition [3]. The essence of HE is to expand 
those pixels that have large gray quantity occurrences to adjacent 
gray level pixels and squeeze those pixels whose quantity gray 
occurrences are small, i.e., to enlarge the intensity difference 
among objects and background. For a digital image with gray 
levels in the range [0, 255] HE is computed as follows:
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where k = 0, 1. . . 255, Yk is the kth pixel of the equalized 
image and nk is the number of times the kth pixel appears in 
the input image. The first step in realization of the HE is to 
compute Histogram Statistics (HS) of the captured image. A 
transformation look-up table that contains the modified new 
pixel gray values is then constructed. Each input pixel level 
is mapped to the corresponding output pixel level using this 
transformation table. The whole process must be performed 
during the frame display rate time, which necessitates the use 
of high computational speed for real-time processing. Research 
effort towards the application of FPGAs for HE computation 
has been reported. In [1], a combined Software/Hardware 
HE scheme based on FPGA is described. The HS and HE are 
realized in the traditional way using memory Read/Increment/
Write sequences. The time required for the computation of 
HE is 50 ms, when the clock frequency is 30MHz and the 
image size is 256 × 256 pixels. The approach of [1] has the 
disadvantages of being slow and sophisticated, which prevent 
its use in real-time processing. In [4], image enhancement is 

performed by what is called gray rearranging that is based 
on HE. The enhancement method is implemented using both 
Digital Signal Processor (DSP) and FPGA hardware architectures 
in conjunction with software programmable environment. This 
hardware configuration is not capable of acquiring the image 
pixels in real-time; hence, only one pixel from three adjacent 
pixels is captured and processed. In [5, 6], a simple and straight 
forward method to realize the HE algorithm with reasonable 
cost and reduced development cycle is presented using FPGA. 
System analysis shows that the minimum time required for 
HS and HE computations for an image of size 256×256 and 
clock frequency 50MHz is more than 13 ms. For images of 
higher dimensions (e.g. 512×512), the timing restriction of 
this hardware architecture increases by a factor of 4 which 
prohibits its use in some critical applications. In thermal 
imaging, for example, the processing time should not exceed 
the detector integration time which is typically not more than 
20 ms, assuming array size of 512 ×512 and image display at 
50 frames per second. In this paper, a novel scheme for the 
implementation of HE is proposed using FPGA. The technique 
relies on constructing the HS and HE in parallel using counters 
instead of memory arrays that are commonly used in such 
computations. The number of counters equals to the number 
of memory locations of the transformation array. The operation 
of the counters is controlled by a dedicated Switching Decoder 
(SD), which is specially designed to perform such a task. This 
parallel processing configuration has the advantage of reducing 
the processing time significantly, and will also make it possible 
to adapt the HE in real-time infrared thermal imagers to improve 
the quality of low contrast images.

II. Proposed System
In our proposed scheme, each RAM location containing the 
number of the occurrences of the input pixel gray levels is 
replaced by the same number of bits counter. The significant 
advantage of using counters in this signal processing setting 
is that the number of clock cycles required to increment the 
location value is only one clock cycle compared to minimum 
three cycles in the RAM configuration presented in [5]. The 
development of the transformation look up table is performed 
in two steps. The first step is to compute the HS and HE, and 
the second one is to transfer the HE array from the counters to 
the look up table RAM. Hence, the total time (Ttotal) required 
to construct the transformation look up table is composed of 
two parts, as indicated in the following equation:
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where m and n are the image vertical and horizontal sizes in 
pixels, respectively. fmax is the maximum possible frequency 
applied to the chip employed, and g is the number of the pixel 
gray level. Several conclusions can be drawn from Eq. (2).
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 • Ttotal is drastically affected by the number of pixels (n×m) 
of the image.

• The number of the pixel gray levels (g) partially contributes to 
Ttotal. Its percentage effect reduces when the image resolution 
increases.
• The maximum clock frequency of the FPGA chip used plays a 
major role in determining the processing speed, Ttotal inversely 
changes with fmax.

III. The Circuit Description
For demonstration purposes, the proposed HE circuit has been 
developed to compute and construct the HE transformation 
look up table for (256 × 256) image with 256 pixel gray levels. 
The histogram circuit is mainly composed of four units: (16-bit) 
binary counters, (8 to 256) SD, multiplexers, and Timing and 
Control module. This is depicted in the schematic block diagram 
of Fig. 1. There are 256 counters as a replacement to the 
256 locations look up table RAM. Each counter is responsible 
for two tasks. The first task is to calculate the number of the 
occurrences of the pixel gray levels that range from 0 to 255. 

Fig. 1: Block diagram of the proposed histogram circuit.

The second task is to simultaneously accumulate the current 
gray level statistics with the statistics of all pixels whose 
values are less than the current pixel value. The results of 
this accumulation process are the final HE values. Since HE 
calculation is performed during the phase of computing HS, this 
adds an extra time saving. The implementation of such parallel 
steps is achieved by introducing the SD which assigns an array 
input vector for counters enable inputs which in turn activates 
the corresponding pixel gray level counter to be incremented. 
The SD is an (8 to 256) special purpose decoder which has an 
eight input lines and 256 outputs. Its function differs from the 
normal decoders that activate a unique output for each input 
combination. Specifically, SD has the additional property in 
that all the outputs associated with inputs having gray levels 
higher than the current input pixel value are forced to take on 
high state. Therefore, the main function of the SD is to enable 
the counter assigned to the current pixel and all the counters 
assigned to pixels whose values are greater than the current 
one so that the computation of HS and transformation function 
are performed at the same time. The SD will be explained in 
more details in the next section.

IV. The Switching Decoder Circuit
The concept of the conventional decoder circuit is to accept 
a set of inputs that represents a binary number and activates 
only a unique output that corresponds to that input number; all 
other outputs remain inactive. To further illustrate the concept 
of the SD function and for simplicity of presentation, let us 

consider a (3 to 8) SD configuration as depicted in the truth 
table of Fig. 2.

Fig. 2: Truth table for (3 to 8) switching decoder.

The SD has three inputs a, b, and c (a is the most significant 
bit) and eight different outputs y7 to y0. Unlike the conventional 
decoder, more than one output could be active (high state) 
at a time for the corresponding binary number representing 
the gray level of the image pixel at the input. The SD works 
as follows: When the input combination is 000, the y0 and 
all the outputs denoted by higher suffix are activated to high 
state. If the combination at the input is 001, y1 and all the next 
higher suffix outputs are high while the output denoted by the 
lower suffix (y0 in this case) remains at low state, when the 
combination at the input is 010, y2 and all the next higher suffix 
outputs are high while the outputs denoted by the lower suffix 
(in this case y0 and y1) remain low, and so forth. The easiest 
and straight forward way to implement the SD is to utilize the 
same size available for normal decoder. Therefore, the SD is 
simply composed of a normal decoder where every output is OR 
gated with the next output denoted by higher suffix, as shown 
in the schematic diagram of Fig. 3. The equivalent logic circuit 
is described by the following logic equations:
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The eight different outputs produced in the above configuration 
are generated in a cascading manner, and this in turn will 
lead to a considerable accumulated propagation delay which is 
directly proportional to the number of the cascaded outputs in 
a linear manner. This means that if the gate delay for y0 equal 
to tp, the delay for y7 will be 8×tp as a worst case propagation 
delay, and this will limit the maximum frequency applied for 
the system clock.
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Fig. 3: Block diagram for (3 to 8) switching decoder.

Therefore, this configuration is not the suitable configuration 
for real-time processing applications. The above inherent 
problem becomes very significant when the number of outputs 
for the SD increases. However, this problem can be eliminated 
when we get rid of the cascaded outputs by generating all the 
outputs directly from their corresponding product terms using 
basic logical operators (the decoder is no longer needed), as 
described by the following logic equations:
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As mentioned earlier, (3 to 8) SD is just a low scale configuration 
for demonstration purposes. In our case, the scale of the SD 
used in this design is much larger. As shown in the block 
diagram and the truth table of Figs. 4 and 5 respectively, the 
size of the SD used is an (8 to 256) and it has the same function 
and perform the same switching behavior, but in a larger scale. 
Hence, the design will be more sophisticated. Specifically, the 
SD accepts eight bits binary input and produces 28 (256) 
outputs denoted y0 to y255. For instance, the output y255 as 
shown in the following logic equation is constructed by OR 

Fig. 4: Block diagram for (8 to 256) switching decoder

Fig. 5: Truth table for (8 to 256) switching decoder.
gating 256 × 8 variables product terms:
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This SD circuit is described and designed in a very efficient 
way using Hardware Description Language (HDL) provided 
with the software package of Quartus [4.2] as an available 
option for the design entry. Having described the function of 
the SD, the next step in the computation as indicated in the 
HE digitized formula is to divide the resulting accumulated 
values located in the 16-bit counters by 28. This division can 
be easily achieved in binary by shifting data to the right eight 
times, in other words, it is simply to consider only the eight 
Most Significant Bits (the Most Significant Byte of the counters 
contents). Once performed, the final step is to load the one byte 
data array of the computed HE to the transformation look-up 
table. The 256 words of the data are transferred to the look-up 
table via multiplexers. The transformation look-up table resides 
in 256 × 8 RAM. The computation process of HE is governed 
by the timing and control unit. The main tasks of this unit are 
to initialize the transfer and generate the proper sequences 
and the required timing signals and addresses. The HE starts 
by logging the digitized pixel gray levels (8 bit) of the image in 
real-time to the SD input, which in turn, enables the relevant 
counters to be incremented. This process, as shown in the 
flow chart of Fig. 6, is repeated n × m times, till the last pixel 
in the image is reached.

V.  System Performance
The design and synthesis of the HE functional units shown in 
Fig. 1 are built around Altera’s FPGA Stratix II family chip). The 
Altera Quartus II version 4.2 is used to develop and simulate 
the circuit. For simulation purposes, a 64K ROM is constructed 
within the same chip and loaded with an image. The hardware 
set-up for simulation and verification purposes is composed of 
four different components as shown in the block diagram of Fig. 
7. The compilation and time simulation reports show that the 
proposed system works properly. The simulated timing diagram 
for units addressing is depicted in Fig. 8 and the transformation 
look-up table RAM contents is shown in the print out of Fig. 9. 
The compilation report shows that the maximum frequency in 
the design is 250 MHz. This means, when we substitute in Eq. 
(2), the complete computation time including data transfer to 
the look up table RAM for (256 × 256) image HE, is given by
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Fig. 6: Proposed system flow chart.

Fig. 7 The schematic block diagram for the simulation set-
up.

Fig. 8: The simulation timing diagram. 

Fig. 9:  The computed transformation RAM contents.

Table 1: The processing time for different image 
configurations

Image size(n×m) 
pixels

Ttotal(msec) ℅Ttransfer

256×256 0.263 0.4
512×512 1.05 0.1
1024×1024 4.2 0.0244
2048×2048 16.78 0.006

The results shows that the time required to transfer the data at 
the end of the run which is considered as an additional effort is 
almost neglected compared to the HE computation. It becomes 
even insignificant in higher resolution image applications. In 
this set up, it consumes less than 0.4% of the total processing 
time. For higher resolution images of size (512 × 512) with 
256 gray levels, which are commonly used for the commercial 
applications, the total processing time will be equal to

Table 1 shows that the proposed system can handle in real-
time images of size up to (2048 × 2048) pixel, assuming an 
integration time (frame rate) of 20 ms. and with a gray level 
of 256. Images with this size are considered to be of high 
resolution in the field of thermal imaging in both commercial 
and military applications

VI. Conclusion
The computational speed of image equalization has been 
improved using FPGAs. A new system based on counters 
in conjunction with a specially designed decoder has been 
developed for simultaneous computation of HS and HE. The 
proposed system is designed, synthesized and simulated using 
Stratix II family chip. This system has the advantages of being 
simple, flexible with reasonable development cost. The timing 
simulation results show that this system is faster than that of 
the previously published work [4] by at least a factor of 50, 
and the total time required to perform HE of an image of size 
256 × 256 is 0.263 msec.
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