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1. Introduction

Recently, image-processing applications have become increasing-
ly common with the development of devices with photo-editing 
capabilities and the expansion of cloud photo services. However, 
typical image-processing methods are irreversible; it is necessary to 
preserve either the source image or its editing history to revert to the 
original form of the image. The problem is that the size of the pro-
cessed images increases. This requires more storage capacity, but the 
capacity of mobile devices is often limited.

Reversible data hiding (RDH)1)  is considered one of the most 
suitable technologies for solving these problems. RDH can restore 
an original image completely by extracting the embedded data and, 
in principle, maintains the file size before and after data hiding. Ac-
cordingly, image contrast enhancement (CE) methods with revers-
ibility through RDH have been actively proposed. Typical image 
CE algorithms using RDH are based on a histogram shifting (HS) 
method2). This approach implements image CE while embedding 
recovery data in contrast-enhanced images. By including the recov-
ery data in the processed image, the original form is completely re-
coverable. Subsequently, reversible image CE methods based on the 
method2)  have been developed to improve the effect. While numer-
ous studies2) -7)  have primarily focused on methods for grayscale im-
ages, color distortions may be introduced when directly applying 
them to color images. To cope with this issue, research on applying 
image processing to color images8) -14)  is also evolving.

Wu et al.8)  proposed a novel method that enables lossless CE for 
color images. This method successfully achieved CE in color images 

with high-quality visual results, but in many cases, complete revers-
ibility cannot be guaranteed. Addressing this issue, another meth-
od10)  was proposed that attained not only CE but also saturation 
improvement with full reversibility. An extended method11)  can fur-
ther implement brightness increase/decrease, sharpening, and 
smoothing, in addition to CE and saturation improvement. Addi-
tionally, reversible color-tone control was developed in the meth-
od12), which can control the coldness or warmth of an image.

These methods enable various image processing functions for col-
or images, as well as CE, while ensuring reversibility and reducing 
saturation and hue distortion. With the exception of approaches for 
medical images15) -17) , however, previous studies have predominantly 
focused on reversible image processing for the entire image, and lim-
ited consideration has been given to local processing methods for 
specific regions. Such local processing has attracted considerable at-
tention in photo editing since it allows flexible adjustments to spe-
cific image regions and accommodates diverse and personalized ed-
iting requirements. Several studies18),19)  have also explored the 
recognition and detection of regions of interest (ROIs). However, in 
these approaches15) -19), the ROIs are automatically determined by 
image segmentation algorithms, so users cannot arbitrarily define 
them. In addition, complete reversibility is not guaranteed, so the 
original image cannot always be fully restored. Notably, these meth-
ods are designed to handle only specific image formats, such as 
TIFF or BMP, in order to avoid irreversible compression. This ap-
proach is also adopted in this work.

In this paper, we propose a novel method that enables users to 
arbitrarily select ROIs and implements eight image processing func-
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tions on selected ROIs. The main innovation of our method is that 
it attains partial image processing without noticeable boundaries 
between ROIs and non-ROIs (nROIs) under the condition of com-
plete reversibility and file-size preservation before and after the en-
tire processing. In our method, ROIs are defined as the regions sub-
jected to processing and non-ROIs as the remaining areas. In Fig. 1, 
we provide a specific example of partial processing to clarify the 
challenge facing the method. As shown in Fig. 1 (b), a noticeable 
boundary can be seen when CE processing was applied to the ROI 
without considering boundaries. In contrast, we aim to represent the 
smooth boundary as shown in Fig. 1 (c) in this paper. Through our 
experiments, we demonstrate the effectiveness of the proposed 
method and evaluate the influence of embedding restoration data on 
the processed-image quality.

The rest of this paper is organized as follows. Section 2 presents 
related works on reversible image processing approaches for gray-
scale and color images. In Section 3, we propose a partial image 
processing method with full reversibility and describe the details of 
each step. Experiments for validating the effectiveness of the pro-
posed method, including an evaluation of the visual quality and the 
influence of embedding restoration data, are demonstrated in Sec-
tion 4. Finally, we conclude this paper in Section 5.

2. Related Works

2.1 �Reversible Contrast Enhancement Methods for Grayscale 
Images

In recent years, many studies3) -7)  have explored the use of RDH 
for CE in grayscale images. These studies typically implement re-
versible CE with HS-based RDH techniques. The most traditional 
method2)  flattens the image histogram to enhance the contrast by 
embedding recovery data into the histogram. In this method, how-

ever, preprocessing causes noticeable distortion in some cases. The 
preprocessing is commonly used to avoid underflows or overflows of 
pixel values before CE. To cope with this issue, a novel method with 
extended preprocessing5)  was proposed. The method reduces visual 
distortion by concatenating two bins under the use of adjacent bins.

While these methods may result in significant changes in the av-
erage brightness, several CE methods4), 6), 7)  focus on brightness pres-
ervation. A two-dimensional histogram, which is generated by pair-
ing two horizontally adjacent pixels, is used in the method6). The 
two-dimensional histogram7)  is further divided into two sub-histo-
grams to effectively improve contrast and also preserve high visual 
quality. An effective method3)  was further proposed to automatically 
determine the optimal enhancement intensity by setting a stop con-
dition. As an application to medical images, another type of meth-
ods15) -17)  use image segmentation algorithms to manually divide the 
images into ROIs and backgrounds and enhance only the contrast of 
the ROIs. All of the above methods, however, have been proposed 
for grayscale images. If these methods are applied directly to color 
images, color distortion might be caused.

2.2 Extensions for Color Images
To obtain the effects of image processing without color distortion, 

useful methods8) -14)  have been proposed for color images. A revers-
ible CE method8)  introduced a HSV color model composed of hue 
(H), saturation (S), and value (V). Hereafter, value (V) is referred to 
as brightness in this paper. In this method, the hue and saturation 
components remain unchanged, while only the brightness compo-
nent is modified. More precisely, the ratios among the RGB compo-
nents are maintained, and histogram equalization is performed on 
the brightness component to achieve CE effects. However, rounding 
errors occur in the preservation of the hue component. This prevents 
the method from fully recovering the original image from the pro-

(a) Original image

(red frame indicates ROI)

(b) Processed image with direct application (c) Our goal

for existing method

Fig. 1. Research challenge in partial processing (CE).
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cessed image. Sugimoto et al.11)  proposed an extended method that 
ensures full reversibility by recording such rounding errors as recov-
ery data. Additionally, this method enables multiple functions, such 
as saturation improvement, sharpening/smoothing, and brightness 
increase/decrease, in addition to CE, and gets better visual effects. 
An advanced RDH method14)  based on the HSV color model was 
proposed. This method enables automatic CE the same as the meth-
od3)  for grayscale images. It automatically enhances not only the 
contrast of the R, G, and B components but also that of the bright-
ness component to further improve the visual quality. In another 
extension12) , red and blue color-tone control was further accom-
plished. In the method, correction coefficients are calculated in the 
YDbDr color space and multiplied by each pixel value, resulting in 
reversible enhancement of red or blue color tones.

2.3 Reversible Image Processing Method with Various Functions
The reversible image processing method11)  has a variety of func-

tions and is the most relevant method to our method. Figure 2 illus-
trates the flow of the method. This method utilizes the HSV color 
model to attain brightness increase/decrease, sharpening/smooth-
ing, CE, and saturation improvement reversibly. The conversion 
from RGB to HSV is simple, which helps reduce the size of recov-
ery data. This conversion is formulated as

In Eq. (1), R, G, and B indicate the red, green, and blue values of 
a single pixel. Additionally, in those three equations, Max and Min 
refer to the maximum and minimum values among the R, G, and B 
components of a single pixel, respectively. In this method, a process-
ing function is first implemented, and the hue component is then 
adjusted to reduce the color distortions caused by the processing. 
The necessary data for restoration is finally embedded into the im-
age. Note that this method enables not only a single function but 

also multiple functions simultaneously. However, it processes the 
entire image uniformly and does not consider partial processing for 
only a part of the image. Such a technique has been especially re-
quired in the field of photo editing. In the next section, we propose 
a novel method that extracts a part of the image and allows partial 
processing with smooth boundaries.

3. Proposed Method

The main contribution of this paper is to provide partial process-
ing in an image without causing artifacts at boundaries. As with the 
previous method11) , the proposed method achieves brightness in-
crease/decrease, sharpening/smoothing, CE, and saturation im-
provement. The former five processing functions are applied to 
brightness, while the latter one is applied to saturation. In addition, 
our method enhances the red and blue color tones on the basis of the 
previous method12). Consequently, the proposed method can per-
form a total of eight different image processing functions on selected 
ROIs. Figure 3 presents the overall processing flow. Our method is 
divided into two main parts: ROI processing and restoration data 
embedding. In 3.1 and 3.2, we describe these two parts, respectively. 
The restoration processing is then explained in 3.3. We further dis-
cuss the advantages of the proposed method in 3.4.

3.1 ROI Processing
As illustrated in Fig. 3, the proposed method begins with the ex-

traction of the ROI. The extracted ROI undergoes a processing 
function and is integrated with a nROI. For simplicity of explana-
tion, this paper will proceed with an example of applying a single 
processing function to the extracted ROI, but it is also possible to 
combine multiple processing functions. The intermediate image ob-
tained through this process does not contain the necessary data to 
restore the original image. The restoration data is thus embedded 
into the intermediate image using the prediction error expansion 
with histogram shifting (PEE-HS) method20). The detailed process-
es are given as follows.

Image
processing

Restoration data
embedding

Original image Processed image

Fig. 2. Procedure of previous method11).

Original 
image

ROI
extraction

ROI
processing

Restoration data
embedding

ROI

nROI

Extraction data

Processing data 

Restoration data

Intermediate 
image

Processed 
image

Fig. 3. Processing procedure of proposed method.
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3.1.1 Extraction
Here, an arbitrary ROI is extracted. In the proposed method, we 

can also define multiple ROIs. The number of ROIs that can be se-
lected depends on the embedding capacity, which varies with the 
characteristics of the image. Each ROI can be defined as either cir-
cular or rectangular, and we restrict ROI shapes to these two types 
in order to reduce the size of the recovery data. The extraction of 
rectangular and circular ROIs is explained in detail using Fig. 4. In 
the case that the target ROI is a rectangle, the three types of data 
given in Fig. 4 (a), namely the coordinates of the upper-left point 
(x0, y0), horizontal length a, and vertical length b, should be stored as 
restoration data. In the case that the target ROI is a circle, the three 
other types of data given in Fig. 4 (b), namely the center coordinates 
(x0, y0), horizontal radius a, and vertical radius b, should be stored.

3.1.2 Processing
Here, one of the eight processing functions is selected and applied 

to a single extracted ROI as an example. Similar to the previous 
method11) , the proposed method predefines the number of process-
ing iterations to control the strength of the effect by the processing 
function. A preprocessing method5)  is used to avoid underflows or 
overflows before the main processing.

The primary contribution of this paper is the introduction of a 
gradual boundary processing method to address artifacts that appear 
along the ROI boundary. Figure 5 (a) shows the gradual boundary 
processing for a circular ROI. In this figure, the target processing 
region is gradually reduced until it overlaps with the ROI. Note that 
the initial target region is determined by the number of processing 
iterations and the interval m. The interval m, which prevents the ap-
pearance of artifacts at the ROI boundary, can be selected from pos-
itive integers depending on factors such as image size, image charac-

teristics, and the number of processing iterations. It is specified to be 
the same in both horizontal and vertical directions to preserve the 
shape of the target region. No gradual boundary processing is car-
ried out if m = 0.

While the target processing region is progressively reduced, the 
processing functions are repeatedly executed in the region. Conse-
quently, the inner regions are subjected to a greater number of repe-
titions and are more strongly affected by the processing. Based on 
the above configuration, the proposed method can obtain a smooth 
boundary between the ROI and the nROI. The method also enables 
gradual boundary processing on nROIs. In this case, the ROI and 
nROI are inverted as shown in Fig. 5 (b).

The data necessary for restoration generated during the gradual 
boundary processing should be stored. Along with the data generat-
ed in 3.1.1, the data is embedded into the intermediate image.

3.2 Restoration Data Embedding
In the proposed method, the original image can be fully recon-

structed by embedding the restoration data into the intermediate 
image. As illustrated in Fig. 3, the restoration data is composed of 
the ROI extraction data in 3.1.1 and the processing data in 3.1.2. 
The extraction data consists of a single bit to distinguish whether the 
processing region is ROI or nROI, another single bit to identify the 
shape of the ROI, and the three types of data described in 3.1.1. The 
processing data includes the type of processing function, the value of 
the interval m, the number of processing iterations, and the data re-
sulting from gradual boundary processing. The processed image is 
finally derived by embedding the restoration data into the R, G, and 
B color components of the intermediate image using the PEE-HS 
method20).

(a) Rectangular ROI                           (b) Circular ROI

( 0, 0)

Original image

( 0, 0)

Original image

Fig. 4. Extraction of ROI with different shapes.

(a) ROI processing                            (b) nROI processing

ROI

nROI

Original image

ROI

nROI

Original image

Fig. 5. Gradual boundary processing of circular ROI.



Yan Zhang and Shoko Imaizumi      A Partial Image Processing Method with Full Reversibility for Smooth Boundary Representation 13

3.3 Restoration Processing
The processed image can be fully reverted to its original form us-

ing the recovery data embedded into the image. Figure 6 displays the 
flow of the restoration process. The restoration data embedded in 3.2 
is first extracted from each RGB component of the processed image. 
This process regenerates the restoration data and the intermediate 
image. Next, the ROI is identified on the basis of the ROI extraction 
data within the restoration data. The original ROI is then retrieved 
using the other restoration data, i.e., the processing data. We finally 
reconstruct the image with the original form by integrating the ROI 
with the nROI.

3.4 Advantages of Proposed Method
Our method enables reversible image processing on arbitrarily 

selected ROIs without causing boundary artifacts. The main advan-
tages of the method are summarized as follows.

First, the proposed method allows users to select arbitrary rectan-
gular or circular ROIs for the target processing region of reversible 
image processing. All of the previous methods process the entire 
image uniformly, whereas only the proposed method can process lo-
calized parts of the image. In addition, the region to be processed 
can be inverted from ROI to nROI.

Another main contribution is gradual boundary processing on the 
target processing region in order to smoothly represent the bound-
ary between ROI and nROI. The gradual boundary processing de-
livers a smooth and effective processed image without creating any 
noticeable boundaries between the processed and non-processed 
regions.

As described above, the proposed method enables partial process-
ing, which is not achievable in the previous methods. It further im-
proves the flexibility and availability of reversible image processing 
and is expected to have a wider range of practical applications.

4. Experimental Results

We evaluated processed images obtained with the proposed 
method in terms of both image quality and reversibility. Twenty-four 
color images from the Kodak Lossless True Color Image Suite da-
tabase21)  were used as test images. Each test image was downsam-
pled to either 512 × 768 or 768 × 512 pixels using bicubic interpola-
tion. In our experiments, the numbers of processing iterations were 
set to 30 for CE and brightness increase/decrease, 20 for saturation 
enhancement, and 2 for sharpening/smoothing. The interval param-
eter m was set to 1. For red or blue tone enhancement, the number 
of processing iterations was set to 15, with m = 3. It should be noted 
that the file size was identical before and after image processing in 
all experimental cases.

4.1 Evaluation Indices
We introduce multiple types of evaluation indices to quantitative-

ly evaluate the image quality of the processed images. All of the 
following indices, with the exception of quality assessment, have 
been applied only to ROIs. First, we assessed the strength of the 
brightness increase/decrease by using the brightness difference be-
tween ROIs of both the original and processed images. The bright-
ness value of each pixel within both ROIs was obtained using Eq. 
(3), and then the average of the brightness differences was calculated 
pixel-by-pixel. The sharpening and smoothing strengths were mea-
sured by the differences in the standard deviations of the brightness 
value of each pixel within the original ROI stdv and processed ROI 
stdv'. We explored the CE strength with the relative contrast error 
(RCE) 22) :

Note that RCE ranges from 0 to 1, and CE is observed in the case 
of RCE > 0.5. In addition, saturation improvement was evaluated on 
the basis of the difference in saturation between the ROIs of the 

Restored 
image

( = Original)

ROI
extraction

Image processing
restoration 

Restoration data
extraction

Intermediate 
image

Processed 
image

ROI

nROI

Extraction data

Restoration data Processing data 

Fig. 6. Restoration procedure of proposed method.

(a) kodim06 (circular ROI)                     (b) kodim24 (rectangular ROI)

Fig. 7. Example of single ROI extraction (red frames indicate ROIs).
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original and processed images, where each saturation was calculated 
using Eq. (2). To assess the effectiveness of red or blue tone enhance-
ment, we calculated the corresponding correction coefficient for the 
ROI: Kr for red tone enhancement and Kb for blue tone enhance-
ment. A red tone enhancement is indicated when Kr>1, while Kb>1 
denotes an enhancement in a blue tone. To verify the influence of 
data embedding, the quality between the intermediate and final pro-
cessed images was assessed by using PSNR, SSIM23) , and CIE-
DE200024).

4.2 Image Processing Effects for Single ROI
As can be seen in Fig. 7, as an example, we extracted a single cir-

cular ROI from kodim06 and a single rectangular ROI from kod-
im24. Note that each region surrounded by the red frame indicates 
the ROI, and image processing was only applied to the ROI in each 
image. First, we visually confirmed the processed images with each 
processing function. Figures 8 and 9 represent the processed images 

derived by the proposed method. In the ROIs in Figs. 8 (a), 8 (b), 9 
(a), and 9 (b), where the brightness was increased or decreased, 
changes in brightness are clearly observed. Additionally, Figs. 8 (c), 
8 (d), 9 (c), and 9 (d) demonstrate that the proposed method effec-
tively sharpened or smoothed the extracted ROIs. The contrast of 
each ROI was effectively enhanced in Figs. 8 (e) and 9 (e). As shown 
in Figs. 8 (f ) and 9 (f ), the saturation within the ROI was success-
fully improved. Finally, Figs. 8 (g), 8 (h), 9 (g), and 9 (h) demonstrate 
that the proposed method effectively enhanced the red or blue tones 
within the ROIs. It is worth noting that the boundaries between 
ROIs and nROIs were smoothly represented by the gradual bound-
ary processing in all the processed images. In contrast, Fig. 10 shows 
images processed without applying gradual boundary processing, 
that is, m = 0. As can be seen from this figure, noticeable boundaries 
were generated between ROI and nROI. Our method has provided 
a solution to avoid this issue.

To provide clearer visualization, we extracted and enlarged the 

(a) Brightness increase                         (b) Brightness decrease

(c) Sharpening                                  (d) Smoothing

(e) CE                                (f) Saturation improvement

(g) Red enhancement                          (h) Blue enhancement

Fig. 8. Image processing results for circular ROI.
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ROIs along with their surrounding regions from two brightness-in-
creased images processed with the proposed gradual boundary pro-
cessing, as shown in Fig. 11. For comparison, the corresponding re-
sults obtained without gradual boundary processing are also 
presented. As illustrated in Figs. 11 (b) and 11 (e), the proposed 

method maintained the effectiveness of image processing while pre-
venting noticeable boundaries.

Next, we quantitatively evaluated the processed images with each 
processing function. Table 1 shows the values of the evaluation indi-
ces for the test images. Note that each evaluation index was de-

(a) Brightness increase                        (b) Brightness decrease

(c) Sharpening                                  (d) Smoothing

(e) CE                                (f) Saturation improvement

(g) Red enhancement                               (h) Blue enhancement

Fig. 9. Image processing results for rectangular ROI.

Brightness difference Standard deviation
difference RCE Saturation

difference Correction coefficients

Brightness 
increase

Brightness 
decrease Sharpening Smoothing CE Saturation

improvement

Kr

(Red enhance-
ment) 

Kb

 (Blue en-
hancement) 

kodim06
(circle) 30.98 -28.89 11.49 -7.73 0.5735 21.75 1.1176 1.1180

kodim24
(rectangle) 31.00 -29.00 3.64 -2.37 0.5743 22.00 1.1482 1.1474

Average 29.35 -27.68 6.18 -4.49 0.5614 19.91 1.1230 1.1309

Table 1. Effects of each processing function.
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scribed in 4.1. In the case of brightness increase/decrease, the 
brightness differences properly exhibited positive values for increase 
and negative values for decrease. We then verified whether the 
sharpening and smoothing processing had been normally attained 
from the sign of each difference in standard deviations. With respect 
to the CE function, the RCE values exceeded 0.5 in both processed 
images. In addition, the saturation differences before and after the 
saturation improvement were positive. We calculated the average 
values of the whole dataset, and the results also demonstrated the 
effectiveness of each processing function.

To evaluate the effectiveness of the proposed gradual boundary 
processing, we computed the gradient magnitude of each pixel along 
the boundary regions and used their average as a measure of smooth-
ness. The boundary region was defined by the outermost pixels with-
in the ROI. The gradient magnitude was calculated as |∇I|=   (Gx

2+Gy
2), 

where |∇I| denotes the gradient magnitude, and Gx and Gy represent 
pixel gradients in the horizontal and vertical directions, respectively. 
These gradients were obtained using the central difference method. 
Table 2 summarizes the average gradient magnitudes for each test 
image under three conditions: the original, with the gradual bound-
ary processing, and without the gradual boundary processing. For 
brightness adjustment, boundary smoothness was evaluated on the 
basis of the average gradient magnitude of brightness values within 

(a) kodim06 (circular ROI) (b) kodim24 (rectangular ROI)

Fig. 10. Processed images with noticeable boundaries (m = 0).

(a) kodim06 (original ROI)         (b) ROI with                (c) ROI without

gradual boundary processing  gradual boundary processing

(d) kodim24 (original ROI)         (e) ROI with                (f) ROI without

gradual boundary processing  gradual boundary processing

Fig. 11. �Enlarged views of brightness-increased ROIs and their surrounding regions. Results with pro-
posed gradual boundary processing are compared to those without it.

Average gradient magnitude
Original GBP nGBP

kodim06
(circle) 

Brightness increase

23.79

23.88 40.45
Brightness decrease 23.66 37.72

Sharpening 37.65 45.34
Smoothing 13.07 15.12

CE 38.60 46.60
Saturation improvement 15.64 21.24 44.84
Red tone enhancement 22.65 26.14 33.74
Blue tone enhancement 24.36 28.09 32.70

kodim24
(rectangle) 

Brightness increase

20.12

20.48 29.95
Brightness decrease 20.43 30.46

Sharpening 22.82 24.94
Smoothing 18.34 19.22

CE 25.19 26.91
Saturation improvement 21.82 29.60 40.70
Red tone enhancement 18.20 20.83 23.25
Blue tone enhancement 22.61 25.78 26.97

Table 2. �Average gradient magnitudes for evaluating effects of gradual 
boundary processing (GBP: gradual boundary processing, nGBP: 
non-gradual boundary processing).
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the boundary, while for other components, it was evaluated using the 
corresponding component values. Notably, the average gradient 
magnitudes obtained with the gradual boundary processing were 
closer to those of the original images. In contrast, those without the 
gradual boundary processing were significantly larger, which reflects 
reduced boundary smoothness.

Although only two images were used as examples, similar results 
were obtained for the other images. From the above visual confirma-
tion and quantitative evaluation results, we clarified that the pro-
posed method delivers effective processed images without causing 
artifacts at boundaries.

4.3 Image Processing Effects for Multiple ROIs
We further discuss the case of two circular ROIs selected from a 

single image as an example to verify the effectiveness of the pro-
posed method for multiple ROIs. As illustrated in Fig. 12 (a), the 
extracted ROIs are depicted by the red frame, and different process-
ing functions have been carried out for these ROIs. Figure 12 (b) 
shows the image processed under the condition that sharpening was 
applied to the left ROI and brightness increase was applied to the 
right one. The number of processing times for each function is as 
indicated at the beginning of Section 4.

From Fig. 12 (b), it is clear that the flower in the left ROI has 
been sharpened, and the brightness of the flower in the right ROI 

has increased. We can also observe that noticeable boundaries were 
not generated around both ROIs. In this way, the proposed method 
allows multiple ROIs to be selected independently, and a different 
processing function can be applied to each of these ROIs. Although 
we showed an example here, effective results were obtained by ap-
plying different processing functions to three or more ROIs using 
other test images. However, the proposed method is applicable to 
only non-overlapping ROIs at this point; discussion on application 
for overlapping ROIs is our future work.

4.4 Influence of Data Embedding on Processed Image Quality
To guarantee reversibility, we embed the restoration data into the 

intermediate image. The data-embedding process commonly causes 
distortion in the processed image. We thus validated the influence of 
this process on the processed image quality. In this subsection, we 
focus on the case of a single ROI and evaluate the images shown in 
Figs. 8 and 9. Table 3 summarizes the PSNR, SSIM, and CIE-
DE2000 between the processed and intermediate images, namely 
the images before and after data embedding. The values of PSNR 
and SSIM were commonly high, and the values of CIEDE2000 
were close to zero. These values indicated that the data-embedding 
process has little influence on the processed image quality.

The verification was performed on all of the 24 test images, and 
the results showed that there was very low influence on image qual-
ity for all of them. Figure 13 shows the results for all the images 
processed by the CE function, which had the lowest PSNR and 
SSIM values among all of the eight processing functions. Although 
there was some variation, the PSNR and SSIM values were above 50 
dB and 0.994, respectively, for all the images. This indicates that the 

(a) Original image (red frames indicate ROIs)              (b) Processed image

Fig. 12. Image processing results for multiple ROIs.

PSNR
[dB] SSIM CIEDE2000

kodim06
(circle) 

Brightness increase 68.07 0.9999 0.0297
Brightness decrease 60.38 0.9997 0.0560

Sharpening 63.04 0.9998 0.0372
Smoothing 60.95 0.9996 0.0467

CE 63.51 0.9999 0.0363
Saturation improvement 65.77 0.9999 0.0312
Red tone enhancement 78.19 0.9999 0.0245
Blue tone enhancement 73.37 0.9999 0.0335

kodim24
(rectangle) 

Brightness increase 63.09 0.9999 0.0391
Brightness decrease 63.12 0.9999 0.0390

Sharpening 61.77 0.9999 0.0406
Smoothing 55.72 0.9994 0.1018

CE 62.01 0.9999 0.0405
Saturation improvement 63.12 0.9999 0.0390
Red tone enhancement 63.58 0.9999 0.0226
Blue tone enhancement 58.67 0.9999 0.0380

Table 3. Image quality deterioration caused by data embedding.

Fig. 13. �Influence of data embedding on contrast-enhanced-image 
quality across all test images.
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quality of each processed image was extremely high. These results 
revealed that the data-embedding process had little influence on the 
image quality of the processed images.

It is worth noting that we confirmed that the images restored 
from the processed images were fully consistent with their original 
forms in all cases. We calculated the PSNR and SSIM values be-
tween the original and restored images, which consistently resulted 
in PSNR = ∞ and SSIM = 1. Although numerous ROI-based image 
processing methods have been proposed, reversibility has not been 
considered in those methods.

In this experiment, the maximum amount of restoration data was 
approximately 40,000 bits. As described in 3.1.1, the maximum 
numbers of ROIs and processing times are determined in accor-
dance with the embedding capacity. This design ensures that the 
restoration data always remain within the available embedding ca-
pacity of each image.

5. Conclusion

We proposed a reversible image processing method for regions of 
interest that does not cause artifacts at the boundaries. In the meth-
od, a single or multiple ROIs are first selected with either a circular 
or rectangular shape. Our method can represent smooth boundaries 
by gradually performing image processing on the ROIs. Further, in 
the case that multiple ROIs are selected, different processing func-
tions can be applied to each of them.

Through our experiments, we clarified that each processing func-
tion is effective for the selected ROIs and that noticeable boundaries 
are not derived. We also confirmed that embedding the restoration 
data had little influence on the processed image quality and that 
reversibility can be guaranteed in all cases.

The method is currently applicable only to multiple ROIs that are 
apart from each other, not to overlapping ROIs. Our future work 
involves an extension for overlapping ROIs and an application to 
partial color-tone control.
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