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Abstract. Natural images can fundamentally affect the evolution and development of 
biological visual systems. Therefore much research has been done on the statistics of 
natural images. One of the most striking findings is that the orientation averaged power 
spectrum of natural images follows the universal power law. However little is known the 
origin of the universal power law. In this paper, the power spectra of natural images were 
explored under different transforms. We found that the power spectrum was unaffected 
under histogram equalization transform and a shape transform. However, with a little 
surprise, it found that the power spectra were affected more by local micro structure than 
global configure structures. Then a three dimensional and a two dimensional simulations 
were carried out. The results of the simulations indicated that the universal power law may 
due to the projection of three dimensional objects with sizes equally distributed. However, 
the size distribution of two dimensional objects waits further research. 

1. Introduction 

Natural images can fundamentally affect the evolution and development of biological visual 
systems. Therefore much research has been done on the statistics of natural images. One of the most 
striking findings is that the orientation averaged power spectrum S of natural images follows the 
universal power law [3,4,8,10] 
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where r is the spatial frequency, and A is a constant. η is the deviation of the universal power law. 

This universal power law is generally regarded as a key feature of natural images. Much vision 
research [1,2,6,7,12] is based on this result. However, one may wonder what the origin of natural 
images is. Where does it come from? Some researcher [9] tried to explain the origin of the universal 
power law as the collage region of independent objects which obeyed power law. Clearly, in this 
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case, the researcher only consider the two dimensional situation while we live in a three 
dimensional world.   

In this paper, the power spectra of natural images were explored under different transforms. 
Then two simulation studies on the origin of the universal power law are presented. In the first 
simulation, three dimensional objects located uniformly in three dimensional space was studied, it is 
found that under uniform distribution, the simulated images conform to the universal power law. In 
the second simulation, different power law of the sizes of the objects are simulated, it found that the 
simulated images conform to the universal power law with different deviation.  

In the next section, the power spectra of natural images are examined with different transform 
applied. Then the 3D simulation is presented. This is followed by the 2D simulation with different 
power law of the sizes of the objects. Then a discussion of these simulations is presented. The paper 
is concluded by a summary. 

2. The Natural Images and different Transforms 

Around one hundred natural images were collected from the internet. A sample of these images 
was presented in Figure 1. The orientation averaged mean power spectrum of these images was 
calculated and found to conform to the universal power law with the deviation -0.32. The power 
spectrum is presented in Figure 2 

 

                                               Figure 1: A sample of natural images 
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Figure 2: (Left) The orientation averaged power spectrum of the natural images with deviation -
0.32 . (Right) The orientation averaged power spectrum of the histogram equalization 

transformed natural images with deviation -0.25. 
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One may wonder how the power spectrum changes under different transforms. Here a series of 
transforms were applied to these natural images. First we applied the histogram equalization to 
these natural images. The histogram equalization made images to have more contrast while keep the 
pixel position unchanged. It turned out that orientation averaged power spectrum still conform to 
the universal power law with the deviation -0.25 (see Figure 2 right). 

The next transform applied to these natural images was distortion transform. The distortion 
transform enlarges or squeezes the images in the horizontal or vertical directions. Two distortion 
transformed examples are shown in Figure 3. 

 

 
                              Original     Distorted 

                  Figure 3: A sample of original and distorted images 

After examine the distortion transformed images, it found that the images still look like natural 
images. Indeed the orientation averaged power spectrum still conform to the universal power law 
with the deviation -0.39 (see Figure 4) although the images changed a lot .  
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Figure 4: The orientation averaged power spectrum of the distortion transformed natural images 
with deviation -0.39. 

After examining these two transforms, one may wonder how local and global structures affect 
the power spectra of the natural images. Here the local micro structures were first kept while the 
global configure structures were randomized. More concretely, the images were first divided to 
small squares, the microstructure of small squares were kept while their positions were randomized. 
Figure 5 is two examples of the transformed images.    
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                Original                    Configure randomized 

                                   Figure 5: A sample of randomized images 

The corresponding power spectra are presented in Figure 6. 
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Figure 6: The orientation averaged power spectrum of the configure randomized natural images 
with deviation -0.37 for 6464 case while for 88 the power spectrum was zig-zag. 
 
It can be observed that for 88 configure randomized images, the orientation averaged power 

spectrum did not conform to the universal power law. Instead there was zig-zag on the power 
spectrum. In fact, the zig-zag appeared on power spectra of 1616, 3232 configure randomized 
images. However, the zig-zag disappeared for the power spectrum of the 6464 configure 
randomized images while 6464 is consistent with observation that 6464 was the smallest 
patches for observable images [11]. 
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The configure randomized transform was a global transform, one may wonder if one kept the 
global structure while changing the local micro structure, what the power spectra look like? In the 
following exploration, this kind of local transform were applied. One transformed example is shown 
in the Figure 7. The corresponding orientation averaged power spectrum was presented in Figure 8. 

 

 
                  22 

 
                       88 

                    Original                              Local randomized 

Figure 7: A sample of original and local randomized images. 
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                22                                                                        88 

Figure 8: The orientation averaged power spectrum of the local randomized natural images. 
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One may be surprised that the local randomized images were just a little blurred while the 
orientation averaged power spectrum became non-universal power law. In fact, for the 22 case, 
only the very high frequency part did not conform to the universal power law while the other part of 
the curve still look like a straight line in the loglog coordinates.  

3. The Three Dimensional Simulations 

Natural images are images of three dimensional space objects such as trees, flowers, rocks, 
mountains, animals, etc. Research on the origin of the universal power law [9] which primarily 
worked in the two dimensional space is obviously not feasible in general. So the origin of the 
universal power law of natural images that it uncovered is not very convincing. Here we worked 
directly in three dimensional space. It is assumed that objects in the three dimensional space are 
opaque spheres of different sizes. Using spheres to represent objects can simplify the simulation a 
lot since all spheres are imaged as circle disks with different sizes. 

Assume there was an idealized pinhole camera (see Figure 9 for the camera setup). The camera 
can be of different configuration with different image sizes and different distance from the pinhole 
to the images (focal length). Moreover, to be more realistic, the spheres are assumed to be in certain 
distance from the camera, the distance is not too near or too far away.   

pinhole camera

images

3D space

 

Figure 9: The pinhole camera setup 

Then certain amount of the spheres was assumed in the three dimensional space, e.g. assume 
20,000 spheres in the three dimensional space. Each sphere could be a random size, located in a 
random location in this three dimensional space, with different shades (here we only consider the 
lightness of the images, therefore only shades were considered). To be most generally, the sizes of 
these spheres were assumed to be uniformly distributed since one has no reason to assume one 
object size was more likely happen than the other object size. These spheres were then rendered by 
Computer Graphics algorithm [5].  

The objects were first sorted according to the Z dimension (which was the distances from the 
pinhole camera). Then the objects were rendered from far to near with the near objects occluded the 
far objects. To avoid the intersection detections which were very difficult, it is assumed that the 
spheres were represented by different circular disks with infinitesimal thickness when sphere 
intersection detections were needed. Several of the rendered images were shown in Figure 10. 
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A series of simulations were conducted. For different simulations, camera setups were modified, 
e.g. the focal length was increased/decreased, the objects was moved far/near to the camera, etc. In 
every simulation, around one hundred simulated images were generated and the orientation-
averaged power spectrum was computed. It was found that the power spectra conform to the 
universal power law with deviation -0.14, -0.30, -0.57, -0.67 (Figure 11). 

 

 

Figure 10: A sample of rendered images of three dimensional space. 

The object sizes were assumed to equally distributed in the three dimensional space. However, 
the sizes of the imaged objects in two dimensional space were more like to be not equally 
distributed. Big object located far away were imaged as small ones in the two dimensional images 
while small object located nearby were imaged as big ones in two dimensional images. The reason 
for this is because the images of three dimensional objects also depend on the third dimensional 
distance z.  
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Figure 11: The orientation-averaged power spectrum of the rendered images in log-log plot with 
different deviation for different camera setups. 
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The distributions can be calculated in the simulation. One result is presented in Figure 12. In the 
Figure 12, the horizontal line represented the sizes of the objects in the two dimensional space while 
the vertical line represented the number of the objects. The numbers of the objects seem follow the 
1/size3 for small size object while follow 1/size for large size object. Some Research [9] suggested 
the two dimensional objects follow the power law. One may wonder how the power spectra for 
different two dimensional object distributions are. This leaded to the next simulation. 
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Figure 12: The histogram of the object sizes versus object numbers. 

4. The Three Dimensional Simulations 

In the two dimensional simulation, the sizes of objects in two dimensional space were assumed to 
be different power law. It should be noted that in this two dimensional space, there is no the third 
dimension distance z while the sizes of the objects were assumed to follow 

s
sF

1
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where s is the size of the objects. Here the γ were assumed to be 3, 2, 1, 0. The simulated images 
for differentγ were presented in Figure 13. 

 

 
            γ=0                             γ=1                                γ=2                              γ=3 

                        Figure 13: A sample of simulated 2D images. 
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Around one hundred simulated images are calculated to generate the averaged power spectra for 

different γ=3, 2, 1, 0$. The deviation forγ=3, 2, 1, 0 are 0.22, -0.17, -0.47, -0.59. One of the power 

spectra is shown as Figure 14. 

One interesting result is that forγ=0, the power law became to be equally distributed for object 

sizes in the two dimensional space. Still the power spectrum conforms to universal power law. It 
worth noting that this size distribution is without the third dimension distance Z.   

It is a little surprised the power spectra of simulated two dimensional images all conformed to 
universal power law with different deviation. This seems indicate that the universal power law were 
very robust. It may also indicate that some distribution may not be applied by the natural images 
although their power spectra conform to the universal power law.   
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Figure 14: The orientation-averaged power spectrum of the simulated 2D images in log-log plot. 

5. Discussion 

Natural images can fundamentally affect the evolution and development of the biological vision 
systems. This leaded to study of the statistics of the natural images. One of the most striking 
findings is that the power spectrum of natural images conforms to universal power law. However, 
the questions like what is the origin of the universal power law or what is natural images anyway 
leave unanswered. Here the power spectra were first analysed under histogram and distortion 
transforms, it is found that the power spectra were kept. Then we tried to approach these questions 
from the micro and configure structures. The images were first divided into small patches. Then the 
micro structures were randomized while the relative positions of these patches were kept. It is found 
that even for small patches where images changed a little, the power spectrum of the resulted 
images did not conform to universal power law anymore. We then kept the micro structures and 
randomize the configure structures of these small patches. It is found that, when patches grew 
bigger (e.g. 6464) when more configure structures were kept, the power spectrum of the resulted 
images again conformed to the universal power law. Interestingly, here only 6.25% configure 
information of the original images was kept. Furthermore this asymmetry of local micro structures 
and global configure structure is interesting. 

Then we tried to approach this question from two simulation studies. In the first simulation, the 
objects in 3D space were represented as opaque spheres of different sizes. The sizes and positions 
of the spheres were assumed to be uniformly distributed, Then images of these spheres were 
rendered by Computer Graphics algorithm. It is found that the power spectra of the simulated 
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images conformed to the universal power law with deviations around -0.14~-0.67 (corresponding to 
different camera setups). Moreover the sizes of the circular disks in the simulated images 
conformed to 1/size3 for small disks while conformed to 1/size for large disks. This leaded to the 

second simulation in 2D which assumed the sizes of circular disks conformed to $1/sizeγ(γ=0~3). It 

was found that the power spectra of the simulated images conformed to universal power law with 
deviation 0.22, -0.17, -0.47, -0.59.  

Now one may suggest that the origin of the universal power law is due to the projection of 
equally distributed independent three dimensional objects to two dimensional images. The universal 
power law of natural images may just due to this kind of projection. Since statistically one has no 
reason to assume objects of certain sizes were more likely happen than other sizes of objects, the 
uniformly distributed sizes of objects were assumed. One interesting question is what is the 
distribution of the projection of the three dimensional objects? This requires a theoretical analysis. 
Several power law of the two dimensional objects all gave the power spectra of universal power law. 
One possibility reason for this is that this may indicate some distribution may not fit the distribution 
of the three dimensional projection even this power law still gave the universal power law. 

6. Conclusion 

From this research, one can realize that the power spectra of natural images are robust, e.g., to 
histogram equalization and distortion transform. However, even a small micro-structure change can 
lead the power spectra of the changed images did not conform to universal power law. On the other 
hand, big patches with configure randomization of natural images still conform to the universal 
power law.  

One may also conclude that the origin of the universal power may due to the projection of the 
three dimensional object to two dimensional images with the size of the three dimensional object 
equally distributed. Furthermore, that the different power law of two dimensional object size lead to 
the universal power law may indicate some power law may not be the actual distribution applied by 
the natural images. What kind of distribution in two dimensional space may be actually applied by 
the natural images waits for further research. 

Acknowledgements 

This work was supported by China National Science Foundation 60475021 and Fund from China 
Department of Education New Century Excellent Talent NCET-05-0611. 

References 

[1] Atick, J.J., Could information theory provide an ecological theory of sensory processing?  
Network, 2, 213-251, 1992. 

[2] Bell A.J., and Sejnowski T.J., Edges are the ``independent components'' of natural scenes,  
Advances in Neural Information Processing Systems, 9, MIT press.  

[3] Field, D.J., What is the Goal of Sensory Coding? Neural Computaion, 6, pp. 559-601, 1994.  
[4] Field, D.J., Relations Between the Statistics of Natural Images and the Response Properties of 

Cortical Cells, J.Opt.Soc.Am.A, Vol. 4(12), pp.2379-2394, 1987.  
[5] Foley, J., van Dam, A., Feiner, S., and Hughes, J., Computer Graphics: Principles and Practice, 

Addison-Wesley, 1992. 
[6] Olshausen, B.A., and Field, D.J., Emergence of simple-cell receptive field properties by 

learning a sparse code for natural images, Nature, 381, 607-609, 1996.   
[7] Olshausen, B.A., and Field, D.J., Sparse Coding with an Overcomplete Basis Set: a Strategy 

150



 

Employed by V1? Vision Research, 37, pp. 3311-3325, 1997. 
[8] Ruderman, D.L., The Statistics of Natural Images, Network: Computation in Neural System, 

Vol. 5(4), pp.517-548, 1994.  
[9] Ruderman, D.L., Origins of Scaling in Natural Images, Vision Research, Vol. 37(23), pp.3385-

3398, 1997. 
[10] Ruderman, D.L., and, Bialek, B, Statistics of natural images: scaling in woods, Advances in 

Neural Information Processing Systems, 6, Morgan Kaufmann, 1994.  
[11] Torralba, A., Fergus, R., and, Freeman, W.T. 80 million tiny images: a large dataset for bon-

parametric object and scene recognition, IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 30(11), 2008. 

[12] van Hateren, J.H., and van der Schaaf, A., Independent Component Analysis of Natural Image 
Compared with Simple Cells in Primary Visual Cortex, Proc.R.Soc.Lond. B, 265, pp.359-366, 
1998.  

 

151




