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Abstract 
Measurement of the perceptual impact of geometric distortions applied to images or 

video on human observers is a difficult and not widely researched subject. As a result, 

we are currently still lacking the proper objective methods to measure the perceptual 

quality of such distorted images. In this paper, we propose an objective quality 

measurement method suitable for assessing the perceptual quality of geometrically 

distorted images. In the second part of this series, we will evaluate the proposed 

system by performing a user test experiment.  

Keywords: Geometric distortion, human visual system, perceptual quality 

measurement of images 

 

1. Introduction 
Geometric distortion has always been a problem in the development of 

watermarking systems. This distortion happens when the watermarked data undergoes 

a geometric operation. This can happen due to various reasons, but basically 

geometric distortion occurs either due to the explicit application of geometric 

transformations or as a by-product of other processes (or attacks). Explicit application 

of geometric transformation includes non-malicious operations performed by a user, 

for example resizing of an image to fit one’s desktop, and malicious operations for 

example application of random bending to an image using tools such as StirMark [1]. 

Examples of processes or attacks that produce geometric distortion as a by-product 

are the distortions incurred during the printing and scanning process [2] (due to the 

imperfections of the printer and/or scanner) or the distortions in video frames captured 
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using a hand-held camera in a theatre in the digital cinema scenario [3] (due to the 

position of the camera, lens distortions, etc.). 

We can also classify geometric distortion based on its locality. In this respect, 

geometric distortions can be classified as either global or local. In global geometric 

distortions, the underlying geometric transformation describing the geometric 

distortion applied to the whole image can be described using a single analytical 

expression and a single set of parameters associated with the expression. In local 

geometric distortions, the underlying geometric transformation uses different 

analytical expressions and/or different parameter sets for each part of the image. 

There are two aspects of geometric distortion that are of interest for the 

watermarking community, namely: 

1.1.The watermark de-synchronizing aspect.  

Geometric distortion poses a problem for watermarking systems because it can 

de-synchronize the watermark detector, making the watermark undetectable. A lot of 

research effort has been performed in this area within the watermarking community. 

The research effort focusses on three approaches to dealing with this problem. The 

first approach is designing watermarking schemes that are invariant or insensitive to 

robust against geometric distortion [4,5]. The second approach involves research on 

methods (that is independent of the watermark detection) to invert the geometric 

distortion [6,7,8]. Finally, the third approach is to embed a synchronization signal in 

the watermark itself, to facilitate re-synchronization of the watermark by the 

embedder in the event of geometric distortion [9]. 

1.2. The visual quality degradation aspect.  

Geometric distortion degrades the visual quality of the watermarked data. Like 

all other distortions that affect watermarking systems, distortions due to geometric 

transformation are also bounded by the maximum visual quality degradation it can 

incur before the distorted image loses any commercial value. It is therefore important 

to be able to measure such distortion. The result of such measurement can be fed back 

into the design process of watermarking systems robust against geometric distortions. 

This aspect of geometric distortion has not been widely discussed in the literature. As 

a result, we are currently lacking an objective measure to quantify such distortion. 
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Existing objective visual quality assessment tools, for example PSNR, are not suitable 

to be used to quantify visual quality due to geometric distortions because they rely on 

the pixel-per-pixel relationship between the original and the distorted images. An 

image distorted by geometric transformation loses most, if not all, such relationship to 

the original image. Measuring a geometrically distorted image using PSNR would, 

therefore, yield no meaningful result.  

In this paper we address the second aspect of the geometric distortion problem 

for watermarking systems. We propose a new visual quality measurement method 

suitable for this class of image distortion. Our approach is based on our previous work 

[10]. In this paper we limit ourselves to the visual quality measurement of global 

geometric distortions on still images. This paper is organized as follows. In Section 2, 

we will present the underlying hypothesis on which our proposed method is based. In 

Section 3, we will present how we test the hypothesis and quantify the geometric 

distortion applied to an image. In Section 4, we will present the test setup we used to 

test our proposed method, as well as the results of our experiments. Finally, in Section 

5, we will present our conclusions and an outlook for further research. 
 

2. The underlying hypothesis 

2.1. Modeling global geometric transformation 

The number of possible geometric transformations that can be applied to an 

image is essentially limitless. The possibility ranges from simple transformations to 

more complex ones. An example of geometric transformations is the RST (rotation, 

scaling and translation) transform described by the following equation: 
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Alternatively, an example of more complex geometric transformations is the 

bilinear transform described by the following equation: 
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Due to the vast number of possible geometric transforms applied to the image, 

it is impossible to model each of them individually. There are some approaches that 

can be used to solve this problem. One approach is to use simpler transformation 

models, for example RST or affine transform, to approximate the underlying complex, 

global geometric transform [9]. The approach is based on the assumption that a 

complex geometric transformation applied on a global scale can be approximated by a 

simpler transformation model applied on a more local scale. Another possible 

approach is to use orthogonal polynomials to do the approximation [8]. In this 

chapter, we use local RST/affine transform to approximate the global underlying 

transform. 

2.2. The hypothesis 

At this point, we would like to present our definition of the homogeneity of a 

global geometric distortion, as follows: A distortion is said to be homogenous if the 

underlying global transform can be approximated by one RST or affine transform 

with one set of parameters associated with it. The reader should note that from this 

definition we make a distinction between global and homogenous distortions. The 

first term refers to the locality with which we apply the underlying geometric 

transformation, while the second term refers to the locality of the approximation of 

the underlying global transformation using RST or affine transforms. In other words, 

non-homogenous distortions must be approximated by multiple local, RST/affine 

geometric transforms. These local transforms have parameters that are varying from 

one part of the image to the other.   

The following figure presents an original image, along with two distorted 

versions of the image. The first distorted version (Figure 1(b)) is the result of rotating 

the original image by 3 degrees followed by cropping and rescaling. The second 

distorted version (Figure 1(c)) is the result of applying a complex sinusoid-based 

transform to the original image.  
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 (a)    (b)     (c) 

Figure 1. Example of geometrically distorted images. 

From the visual quality point of view, it is easy to see that the first distortion is 

less disturbing compared to the second distortion. From the distortion homogeneity 

point of view, the first distortion can be classified as homogenous, since it can be 

approximated by one RST/affine transform and its corresponding parameter set. The 

second distortion is not homogenous, because this distortion has to be approximated 

by multiple local RST/affine transforms with parameter sets that are varying from one 

part of the image to the other. 

Based on these observations, we propose the following hypothesis regarding 

the visual quality of geometrically distorted images: The visual quality of an image 

distorted by a global geometric distortion is determined by the degree of homogeneity 

of the geometric distortion. The less homogenous the distortion, the worse the visual 

quality would be. Furthermore, it is obvious that the severity of the geometric 

distortion itself also determines the overall visual quality. 

We have searched the literature to find supporting evidence for, or arguments 

against, this hypothesis. The literature we considered includes topics in digital 

watermarking, computer vision, computer graphics, image coding and medical 

sciences. However, so far we have not been able to find any related work on the 

human perceptual quality assessment for geometrically distorted images.  

3. Measuring distortion homogeneity 

 In order to be able to measure visual quality according to our hypothesis, we 

need to be able to measure distortion homogeneity. To measure homogeneity, we use 

the basic idea we presented in our previous work [10]. Basically, we measure 
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distortion homogeneity by measuring the locality of the simple geometric 

transformation used to approximate the global transform.  

3.1. Distortion locality approximation 

 There are two approaches that we can use to find the parameters of the 

transformation which best approximate the global distortion. The first approach is 

performed using the analytical description of the underlying global distortion, while 

the second approach uses the original and distorted images directly. In both 

approaches, we first perform the approximation on a global scale and then, if 

necessary, increase the locality of the approximation to achieve the final result. 

3.1.1. Approximation using analytical description  

In this approach, we assume that we know the analytical description of the 

function D(•) that transforms the original image I into the distorted image I'. 

Therefore, the registration process can rely on the exact displacement vector of every 

pixel position in the image. Considering a field of displacement vectors for a given 

region of the image, the parameters of the simple geometric transformation can be 

computed using a least square error optimization. The registration criterion consists of 

the mean error ε of the resulting approximation.    

Let (xi,yi) be a set of original coordinates and (ui,vi) be the corresponding set of 

coordinates transformed by the function D(•). The least square error optimization 

consists of finding the set of transform parameters (p1, p2, .., pn) that minimizes the 

cost function ε. Let F(•) be the simple geometric transformation function used to 

approximate the global geometric distortion. This function transforms the original 

coordinates (xi, yi) to the corresponding coordinates (xi', yi'),  
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The cost function to be minimized can then be expressed as follows: 
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where parameter bi is a weighting factor. When the simple geometric transformation 

F(•) is the RST model, this optimization yields a linear system whose solution can be 

found in [10]. 

3.1.2. Approximation using the original and distorted images directly  

In this approach, we do not assume knowledge of the underlying function 

describing the global distortion. Instead, only the original (I) and the distorted (I') 

images are available. We apply the simple geometric transformation to the original 

image I to produce an intermediate image I". The parameters of this simple geometric 

transform are taken within a certain range of parameters. There are some strategies 

that can be used to search the parameters within this set, for example exhaustive 

search, gradient search or coarse-to-fine search.  

The next step is to compute the approximation error based on pixel value (e.g., 

luminance or color) comparison. The approximation error ε is computed between I'' 

and I' as follows:  

( )2'" II −=ε      (6) 

where I'' and I' refers to the luminance value of the intermediate and distorted images 

(or local areas of those images), respectively. The error measurement in Equation (6) 

is valid if we assume that only geometric distortion has occurred and there are no 

luminance changes (e.g., brightness or contrast changes) between the original and the 

distorted images.  

3.2. Comparison of the two approximation approaches 

The advantage of the first approach is that it does not involve actual images 

and the computationally expensive operations associated with them. This approach 

only compares the pixel position and is therefore faster. Furthermore, it enables 

precise characterization of a known distortion model. The second approach operates 

directly on the images. In other words, this approach compares actual pixel values 
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(e.g., luminance) and is therefore computationally expensive. However, since the 

second approach deals directly with the image content, it has some advantages when 

we are trying to assess the quality of the distorted image. Furthermore, this approach 

can be used in scenarios where the analytical description underlying geometric 

distortion is not known. 

The second approach, as described above, is more sensitive in areas with 

texture/structure than in flat areas. As a result, the locality of the approximation will 

be less accurate in flat areas. In other words, the locality of the approximation in flat 

areas is less in areas with structure, even if both areas experience the same geometric 

distortion. Since we base our distortion measurement on the locality of this 

approximation, this means that in this case the flat area will be declared to have less 

distortion than the area with structure. This property can be seen as an advantage of  

the second approximation approach over the first approach, because a human observer 

will also be less likely to notice distortion in flat areas. Using the first approach, every 

part of the image experiencing the same distortion would yield the same 

approximation. This may result in a measurement that does not correspond to human 

perception. However, if one wants to characterize the distortions occurring in a 

particular system, it might be advantageous not to depend on a specific content in 

order to measure the average (or worst case) degradation that the system introduces.  

In this work, we chose to use the second approach to perform the test on our 

hypothesis. Nevertheless, similar (although content-independent) results could be 

obtained using the first approach. 

3.3. The proposed method to measure distortion homogeneity 

This section provides more detailed description of the proposed Homogeneity-

based Perceptual Quality Measurement (HPQM). The HPQM methodology proceeds 

by iterative computations of the approximation error over progressively increasing 

approximation locality. This operation is repeated until either the approximation error 

is lower than a predetermined threshold or the locality of the transform reaches a 

predetermined level. We use quadtree partitioning to increase the locality of the 

approximation. The first quadtree partitioning is performed on the whole image. 

Further quadtree partitioning in subsequent iterations is performed on any quadtree 
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blocks in which the approximation error is still above the predetermined threshold. 

The block size of the quadtree structure is therefore dependent on the locality and 

accuracy of the approximation.  

The proposed procedure is illustrated in Figure 2. The system has two inputs, 

namely the original (I) and the distorted (I') images. Furthermore, there are two 

parameters that control the system. The parameters are the minimum block size Bmin 

and the maximum error threshold θ. The first parameter, Bmin, controls the precision of 

the locality approximation of the global geometric distortion. The choice of this 

parameter is a trade-off between the precision and the reliability of the approximation, 

as block sizes that are too small will make the approximation less reliable. The error 

threshold θ controls the precision of the approximation and must be traded-off with 

computation time. In our experiments, we use the Optical Flow Estimation algorithm 

to estimate the RST/affine parameters, as presented in [11,12]. The use of this 

algorithm offers significant speed and estimation precision advantages when 

compared to a more straightforward option using exhaustive search [13]. We 

performed the OFE algorithm in four resolution levels, namely 1/8 resolution, ¼ 

resolution, ½ resolution and the original full resolution. 

The procedure goes as follows. In the first iteration, we try to approximate the 

global underlying geometric distortion with one global RST/affine transform and 

compute the approximation error ε. This approximation error is then compared to θ. If 

the minimum ε obtained in this process is larger than θ, we go to the second iteration 

and increase the locality of the approximation by performing a quadtree partitioning 

to both I and I'. Then we repeat the process described above to each corresponding 

block of the quadtree. In the subsequent iterations, we perform further quadtree 

partitioning for any blocks in which the minimum ε is larger than θ. The iterations are 

continued until the end condition is met. In our case, this means that all blocks already 

have ε < θ,  Bmin is reached or both. The result of this procedure is a quadtree partition 

structure showing the locality of the RST transform approximation and the parameter 

sets PB
 for each block B in the quadtree structure. Examples of such a structure are 

shown in Figure 4.3. In this example, we set the minimal block size to be 32 pixels. 

Furthermore, the parameter set of the global distortion applied to Figure 3(a) is chosen 
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to be more severe than the one applied to Figure 3(b). Here we can see that the image 

with the larger distortion is more finely partitioned than the one with less distortion. 

 

Figure 2. The procedure used to measure distortion homogeneity 

In order to obtain the final numerical score that will indicate the visual quality 

of the distorted image, we need to be able to quantify this quadtree structure. There 

are some possibilities to do so, including evaluating the average block size, the 

variance of the block size or the variance of the parameter sets associated to each 

block in the quadtree structure. In our experiments we chose to include the block size 

and the RST/affine parameter set Pi of each quadtree blocks to quantify the quadtree 

structure. The final score of an image is calculated using the following relation: 

∑
=

=
N

i
iS

1
β      (7) 

 

In Equation 7, S is the final score of the image, βi is the score of each individual block 

i of the quadtree structure and N is the total number of blocks in the quadtree 

structure. βi is calculated as follows.  

N
iPi

i
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β      (8) 

 

In Equation 8, parameter θi is based on the size of the block i. Smaller blocksize 

indicates a less homogenous geometric distortion and thus lower perceptual quality 
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score. Thus the value of this parameter is lower for smaller blocks. The parameter ∆Pi 

is the difference between the RST/affine parameter set of each block and the 

RST/affine parameter set when there is no RST/affine distortion1. The difference is 

expressed as the l-2 norm distance between the 2 parameter sets. In the difference 

calculation, the parameters for Rotation and Scaling are given larger weights 

compared to the parameters for Translation, because our observation indicates that 

Rotation and Scaling parameters give a larger impact on the overall perceptual quality 

of the image. The larger the difference, the lower the score for the block will be. This 

is because even when the RST/affine transformation of a block can be perfectly 

estimated (i.e., zero residual error), such a block can still heavily influence the overall 

perceptual quality of the image if the local RST/affine transformation is severe. The 

parameter θi and the weighting factors of the RST/affine parameters are determined 

experimentally. Finally, the calculation of the final score is normalized so that the 

maximum score that can be achieved by an image is 100. 

 

   
(a)    (b) 

Figure 3. Examples of the quadtree structure 

 

As a final note, we would like to point out that the quadtree structure examples 

in Figure 3 show how the image content influences the measurement procedure, as 

already pointed out in Section 3.2. In this example we can see that areas with a lot of 

texture or structure are more accurately approximated and finely partitioned compared 

to the flat areas or areas with less details although they undergo similar distortion. As 

a consequence, flat areas are given higher scores than more detailed areas. 

 

                                                   
1 That is, when there is zero rotation and shearing, scaling factor of 1 and zero translation. 
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4. Test setup and results 

We used two images, Bird and Kremlin, as a basis to build the test set to 

evaluate the performance of the proposed HPQM method. These images, shown in 

Figure 4, are 8-bit grayscale images with 512 × 512 pixels resolution. The images are 

chosen primarily due to their content. While image content does not play a large role 

in the objective test experiment, it plays a significant role in the user test experiment 

that will be described in the next paper of this series.  

We used 17 different versions of the images for our experiments. Each version 

is geometrically distorted in a different way. The geometric distortions used in the 

experiment are shown in Table 1. In this table, we use the notation Ai, with i = 1, 2, … 

17 to identify each image. 

 

  
(a)    (b) 

Figure 4. The images used in the experiments: (a) Bird and (b) Kremlin 

 

 

 

 

 

 

 

 

 

 

 

 

 



PERCEPTUAL QUALITY OF GEOMETRICALLY DISTROTED IMAGES PART I: THE 
HOMOGENITY-BASED PERCEPTUAL QUALITY MEASUREMENT (HPQM) 

Iwan Setyawan 
 

71 
 

Table 1. Geometric distortions used in the experiment 

Image Description 

A1 No distortion (original image) 

A2 Sinusoid, amplitude factor = 0.2, 5 periods 

A3 Sinusoid, amplitude factor = 0.2, 10 periods 

A4 Sinusoid, amplitude factor = 0.5, 5 periods 

A5 Sinusoid, amplitude factor = 0.5, 10 periods 

A6 Global bending, bending factor = 0.8 

A7 Global bending, bending factor = - 0.8  

A8 Global bending, bending factor = 3 

A9 Global bending, bending factor = -3  

A10 Sinusoid (stretch-shrink), scaling factor 1, 0.5 period 

A11 Sinusoid (stretch-shrink), scaling factor 1, 1 period 

A12 Sinusoid (stretch-shrink), scaling factor 3, 0.5 period 

A13 Sinusoid (stretch-shrink), scaling factor 3, 1 period 

A14 Sinusoid (increasing freq), amplitude factor = 0.2, starting period 

= 1,  

freq increase factor = 4 

A15 Sinusoid (increasing freq), amplitude factor = 0.2, starting period 

= 1,  

freq increase factor = 9 

A16 Sinusoid (increasing amplitude), start amplitude factor = 0.1, 5 

periods, amplitude increase factor = 4 

A17 Sinusoid (increasing amplitude), start amplitude factor = 0.1, 5 

periods, amplitude increase factor = 9 

 

The distortions chosen for the test set range from distortions that are 

perceptually not disturbing to distortions that are easily visible. These distortions are 

particularly useful to compare the performance of the HPQM method to the other 

objective quality measurement methods (for example the PSNR measurement). 

Furthermore, these distortions are also useful to evaluate the correspondence between 

the proposed HPQM method and the human perception of image quality. The global 
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bending distortions {A6, A7, A8, A9} are chosen because these kinds of distortions are, 

up to a certain extent, visually not very disturbing in natural images. However, this 

distortion severely affects the PSNR value of the distorted images. The sinusoid 

(stretch-shrink) distortions {A10, A11, A12, A13} distort the image by locally stretching 

and shrinking the image. Depending on the image content, this kind of distortion may 

not be perceptually disturbing. The rest of the distortions distorts the image by 

shifting the pixels to the left/right or upwards/downwards. These distortions are easily 

visible, even when the severity is low. The distortions {A2, A3, A4, A5} apply the same 

distortion severity over the whole image, while the severity of distortions {A14, A15, 

A16, A17} is varied within the image. Some examples of the geometric distortions used 

in the experiment are shown in Figure 5.  

 

      
(a)    (b)    (c) 

Figure 5. Examples of the geometric distortions: 

 (a) Distortion A5, (b) Distortion A13 and (c) Distortion A16 

 

Finally, to give an early indication of the performance of the proposed method, 

we also perform PSNR measurements of the images and a preliminary subjective test. 

A more detailed comparison of the performance between the proposed method and 

other objective test methods will be described in the next paper. Likewise, a more 

detailed user test experiment will also be described in the next paper. 
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Table 2. HPQM scores  and PSNR values 

Bird Kremlin 

HPQM Score PSNR (dB) HPQM Score PSNR (dB) 

Image Score Image Score Image Score Image Score 

A1 100 A1 ∞ A1 100 A1 ∞ 

A2 93.93 A2 29.33 A2 78.67 A2 28 

A3 89.71 A3 29.62 A3 74.36 A3 27.88 

A4 87.25 A4 24.03 A4 70.81 A4 22.34 

A5 84.79 A5 24.02 A5 69.93 A5 22.31 

A6 99.98 A6 23.79 A6 99.99 A6 20.63 

A7 99.98 A7 21.94 A7 99.98 A7 20.98 

A8 99.85 A8 18.73 A8 99.9 A8 16.74 

A9 99.95 A9 16.51 A9 99.96 A9 17.36 

A10 99.9 A10 23.76 A10 99.94 A10 21.24 

A11 93.69 A11 24.24 A11 77.94 A11 21.32 

A12 99.71 A12 19.37 A12 82.23 A12 17.83 

A13 63.01 A13 20.22 A13 48.85 A13 18.14 

A14 94.46 A14 29.57 A14 82.05 A14 28.14 

A15 91.04 A15 29.63 A15 76.04 A15 28.19 

A16 83.56 A16 24.11 A16 67.21 A16 21.98 

A17 79.61 A17 22.02 A17 56.95 A17 19.98 

 

 The scores obtained by the test images are presented in Table 2. As a 

comparison, we also present in this table the PSNR values of the distorted images. 

Our preliminary subjective observation indicates that the scores obtained using the 

HPQM method correspond better to the perceived quality of the images compared to 

the PSNR values (with the obvious exception of image A1). For example, image A8 

(presented in Figure 6) of the Bird set has a very low PSNR value but it receives a 

high HPQM score, indicating high perceptual quality. When looking at the image, we 

observe that the distortion applied to this image is indeed not very disturbing and if 

one does not directly compare it to the original undistorted image, one may not even 

notice the distortion (particularly when one is not familiar with the content of the 
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image). In other words, the perceived quality of the image is high. The same can be 

said for most of the other images in the test set.  

 

 
Figure 6. Image A8 from the Bird test set  

(HPQM score: 99.85, PSNR value: 18.73 dB) 

 

5. Conclusions and future works 

The conclusions we can draw based on the discussion in this paper are as 

follows: 

1. We have proposed a definition of geometric distortion homogeneity, based on 

the locality of the approximation of the underlying global geometric 

transformation using RST/affine transforms. 

2. We have proposed an hypothesis of how to quantify a geometric distortion, 

based on its homogeneity. 

3. We have proposed and tested a method, called the Homogeneity-based 

Perceptual Quality Measurement (HPQM), to measure the perceptual quality 

of geometrically distorted images.  

4. The preliminary subjective observation indicates that the proposed HPQM 

method has a high correspondence to human perception of the quality of the 

test images. In this sense, the HPQM method clearly outperforms the PSNR 

measurement. A more detailed subjective test is required, however, and the 
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design and analysis of a more elaborate user test experiment will be described 

in the next paper of the series. 

The proposed system is still a work in progress and currently there are still 

some limitations that should be addressed. The improvements of these limitations are 

the topics for our future works. In particular, we think that the following topics should 

be investigated more thoroughly:  

1. Refinement of the procedure used to determine distortion homogeneity. The 

discriminating power of the objective test scores is fairly small (see Table 2). 

This could be due to the discriminating power of the equations we use to 

compute the final score being too small or due to the chosen values of the 

parameters used in the equation being not yet optimal. Further research should 

be conducted to investigate and improve the performance of the method in this 

respect.  

2. Take image content more into account, since human perception of geometric 

distortion is highly influenced by the presence of certain structures in the 

image. In our experiments, this aspect has been indirectly taken into account 

due to the fact that our distortion homogeneity measurement procedure is 

influenced by image content. However, further investigation should be 

performed to find ways to explicitly involve the image content in the final 

score calculation.  
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