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Abstract. Dynamic speckle imaging (DSI) of areas with different speed of processes ongoing in 

industrial or biological objects relies on statistical processing of a large number of images of the 

speckle patterns formed on the objects surface under laser illumination. The DSI visualizes the 

speed spatial distribution as an activity map. We propose compression of the raw DSI data by 

applying singular value decomposition (SVD). A specific feature of speckle images for DSI is 

lack of a structure with areas of close intensity values. The gain from the direct SVD application 

may be modest in cases when a great number of non-zero singular values is needed to build an 

activity map comparable in quality to the ground truth map from bitmap images. For higher 

compression, we propose SVD to be applied to the 2D arrays containing the differences between 

the successive images. The SVD compression has been verified by using synthetic and 

experimental data. 

1.  Introduction 

Intensity-based dynamic speckle imaging (DSI) produces a 2D map of activity through statistical 

processing of speckle patterns [1,2] formed on the surface of industrial or biological objects under laser 

illumination. The activity map gives areas of different speed of processes ongoing in the objects. The 

potential of the DSI has been proven for various applications as monitoring of blood flow in human 

tissues [3-5], analysis of seeds viability [6,7], plants growth, chemical contamination of leaves [8,9], 

penetration of cosmetic ingredients in human skin [10], study of ear biometrics [11], bacterial response 

[12,13] and animal reproduction [14], food quality assessment [15-17], observation of a drying process 

[18,19] and fire detection [20] to name a few.  

The DSI is highly sensitive to micro-changes of the object topography or to variations in the 

refractive index in the light beam in time at the expense of strong fluctuations of the activity map entries. 

For a high-quality map, storage and processing of a large number of images is required. Accordingly, 

raw data compression becomes mandatory for monitoring a process in time when many maps are built 

at consecutive instants. The raw data are 8-bit encoded images of correlated in time speckle patterns. 

They represent widely spread within the dynamic range of the optical sensor symmetric/asymmetric 

intensity distributions with a signal-dependent variance in the general case of non-uniform illumination 

or varying surface roughness. Spatial correlation between the intensity values is very low. 
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Compression of images of speckle patterns must keep intact information carried by the activity map 

about the speed of intensity changes in time. Speed analysis relies on the rate of temporal variation of 

the recorded intensity values and not on the intensities themselves. This allowed us to propose coarse 

quantization [21] or binarization [22] as approaches for reducing volume of the speckle data. 

Furthermore, we proved efficiency of different JPEG compression formats applied to speckle images 

[23] although blocking or other artefacts were observed on the activity maps at low quality of 

decompressed images or high compression ratio.   

In this work, we consider another type of lossy compression of the raw DSI data by applying a 

singular value decomposition (SVD) to the images of the speckle patterns. Several decomposition 

approaches have been recently reported for processing of sequences of dynamic speckle patterns. An 

empirical mode decomposition was introduced to evaluate different activity levels in the time–frequency 

plane [24]. Some limitations of this method were removed later by using a variational mode 

decomposition [25]. The SVD was used for spatio-temporal characterization of activity by dividing 

speckle images into blocks [26]. Contrary to these approaches, aiming at activity evaluation, we propose 

to use the SVD not for processing of the speckle patterns but for their compression. In our approach, the 

DSI is implemented according to the following scheme: i) recording of N correlated in time speckle 

images for a single activity map; ii) SVD compression of the images and storage of non-zero data; iii) 

calculation of activity map from decompressed images built from the non-zero data. The benefit from 

compression is the option to perform step 3 at any appropriate time after the acquisition.  

We propose two ways of implementation of the SVD compression. The first option is direct 

application of the SVD method to the recorded images. A specific feature of speckle images in the DSI 

is lack of a structure with areas comprising close intensity values. Thus, the gain from the direct SVD 

application to the recorded images may be rather modest because a comparatively great number of non-

zero singular values should be kept to obtain an activity map comparable in quality to the ground truth 

map built from bitmap images. That’s why for higher compression, we propose the second option of 

SVD when it is applied to the 2D arrays containing the differences between the successive images in the 

recorded sequence. The SVD compression is verified by using synthetic and experimental data. 

2.  SVD compression of synthetic speckle images  

2.1.  Generation of synthetic images   

To introduce the SVD compression problem in DSI, we consider the case of pointwise processing of 

speckle images captured for a synthetic flat object with four equal in size regions A1, A2, A3, A4 of 

different activity (Fig.1). Activity at point (𝑥, 𝑦) is characterized by correlation radius, 𝜏𝑐(𝑥, 𝑦), of the 

normalized temporal correlation function 𝜌𝑥𝑦(𝜏) of intensity fluctuations in time at this point; 𝜏 is the 

time lag. We generated N speckle images of size 𝑁𝑥 × 𝑁𝑦 pixels at a frame rate 1 𝛥𝑡⁄ , where 𝛥𝑡 is the 

time interval between two successive images. The size corresponding to each activity region was 

𝑁𝑥 × 0.25𝑁𝑦. The values of 𝜏𝑐 in the regions A1, A2, A3, A4 are equal to 10𝛥𝑡, 20𝛥𝑡, 40𝛥𝑡, 80𝛥𝑡 

respectively.  

Simulation procedure (described in detail in [27]) included generation of correlated wrapped phase 

distributions on the object surface at consecutive instants for illumination at wavelength, 𝜆. The formed 

complex amplitudes were further propagated to the camera aperture through an objective lens. The 

diameter and the focal distance of the lens determine the distribution of intensity in the recorded images. 

Generation started with a 2D array of random delta-correlated phase values uniformly distributed from 

0 to 2𝜋 . For movement of the scattering centers normally to the object surface, the phase is a normally 

distributed quantity. The additional assumption is that the amplitudes and phases of the scattered light 

are mutually independent at each scattering center and between any two centers. We simulated the case 

of uniform illumination and equal reflectivity across the object. Simulation was done for 𝜌𝑥𝑦(𝜏) =

𝑒𝑥𝑝(−𝜏 𝜏𝑐⁄ ) as a correlation function describing various processes. The standard deviation of the phase 

change between successively acquired images is 𝜎𝜙 = 𝑁(0,1)√𝛥𝑡 𝜏𝑐(𝑥, 𝑦)𝑐⁄  , where  𝑁(0,1) is a 
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random number with normal distribution with a zero mean and a standard deviation equal to 1. 

Integration of speckle by the camera pixels was also modeled.  

We generated speckle patterns of size 512×512 pixels at wavelength 532 nm.  One of them is shown 

in Fig.1.  Speckle obeys the same intensity distribution at all pixels. To detect higher or lower activity 

at point (𝑥 = 𝑖𝛥, 𝑦 = 𝑘𝛥), where 𝛥 is the pixel interval, processing of the sequence of intensities 

𝐼𝑖𝑘,𝑛, 𝑛 = 1. . . 𝑁 is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.1. Synthetic object with 4 activity regions (a) and its speckle image (b); an activity map built 

from 256 speckle images of the object at time lag 𝜏 = 10𝛥𝑡 (c) and the histograms of the MSF estimate 

in the four object regions (d).  

  

We estimated activity by using a modified structure function (MSF) [27]: 

�̂�1(𝑖, 𝑘,𝑚) =
1

𝑁
∑ |𝐼𝑖𝑘,𝑛+𝑚 − 𝐼𝑖𝑘,𝑛|
𝑁−𝑚
𝑛=1    (1) 

 

where 𝑚 = 𝜏 𝛥𝑡⁄ . The map obtained at 𝜏 = 10𝛥𝑡 from 256 8-bit encoded bmp images is presented in 

Fig.1(c). This ground truth map clearly visualizes the four regions of activity. The faster the process, the 

higher the MSF values. The MSF estimate fluctuates from point to point. The number of pixels in one 

activity region is 512×128 = 65536. This number of entries allows to build a histogram which rather 

accurately represents the probability density function (PDF) of the estimate (1) at a given activity. The 

histograms of the MSF estimate in the four activity regions are shown in Fig.1(d). They are rather wide 

but overlap only partially which is the reason for the good contrast of the activity map. 

 

2.2.  Direct SVD compression of speckle images  

SVD was applied to each image 𝐼𝑛 = {𝐼𝑖𝑘,𝑛; 𝑖 = 1. . . 𝑁𝑥 , 𝑘 = 1. . . 𝑁𝑦} in the sequence of images, 

𝐼1, 𝐼2. . . 𝐼𝑁. Each speckle image is represented as a product of three matrices, 𝐼𝑛 = 𝑈𝑛𝛴𝑛𝑉𝑛
𝑇, and only Q 

non-zero singular values were kept in all diagonal matrices 𝛴𝑛, 𝑛 = 1. . . 𝑁. As a result, a sequence of 

decompressed images is formed as 𝐽𝑛 = 𝑈𝑛
′𝛴𝑛

′ 𝑉′
𝑛
𝑇
, 𝑛 = 1. . . 𝑁 , where  𝑈𝑛

′  is composed from the first Q 

columns of  𝑈𝑛and 𝑉𝑛
′ - from the first Q rows of 𝑉𝑛; the size of the diagonal matrix 𝛴𝑛

′  is 𝑄 × 𝑄. The 

size of each recorded image in the sequence 𝐼1, 𝐼2. . . 𝐼𝑁 is 𝑁𝑥 ×𝑁𝑦. We calculated the activity maps from 

the decompressed images 𝐽1, 𝐽2. . . 𝐽𝑁corresponding to different number of modes, Q, and found the mean 

values and the standard deviations of the MSF estimate (1) in the four activity regions. The results are 

shown in Fig.2. The last points in the plots at Q = 512 correspond to the case of non-compressed bmp 

images. Compression is achieved at Q less than 256. We see that comparatively high compression at 
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small number of non-zero modes leads to substantial decrease of the differences between the mean 

values. In parallel, standard deviation is also decreasing, but the final result is that the contrast of the 

activity maps at small Q is rather low.  

 

 

 

 

 

 

 

 

 

Figure. 2Mean values (a) and standard deviations (b) of the MSF estimate in the four activity regions 

of the synthetic object in Fig.1 as a function of the number of non-zero modes, Q; time lag 𝜏 = 10𝛥𝑡, 
N = 256. 

 

The low contrast is a serious drawback, as one may see in Fig.3 which presents the maps obtained 

from the decompressed images 𝐽1, 𝐽2. . . 𝐽𝑁 at Q = 25, 50, 100 and 150. The maps at Q = 25 and 50 are of 

little use for the dynamic speckle analysis. In addition, they exhibit also some artefacts. The maps at Q 

= 100 and 150 are acceptable, especially if some contrast enhancement technique is applied.  Note that 

the maps in Fig.3 are plotted for the same colour scale as for the ground truth map in Fig.1 for better 

comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.3. Activity maps for a synthetic object with 4 activity regions at different compression ratios: 

10.24 (Q = 25), 5.12 (Q = 50), 2.56 (Q = 100), 1.7 (Q = 150); time lag 𝜏 = 10𝛥𝑡, N = 256. 

 

The last conclusion is supported also by the histograms of the MSF estimate in Fig.4 at different Q 

values. The histograms are given within the same interval of the MSF values and the same size of the 

bin as in Fig.1 for better comparison. As Q is decreasing, the histograms become narrower, so the 

fluctuations of the estimate decrease in their spread, but the overlap is rather substantial. We see that Q 

must be equal or greater than 100, so the gain from the SVD compression in the analysed case of a gray-

scale image is rather modest (approximately 3 times).  

512 
Q = 150 
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Figure.4. Histograms of the MSF estimate for a synthetic object with 4 activity regions at different 

compression ratios: 10.24 (Q = 25), 5.12 (Q = 50), 2.56 (Q = 100), 1.7 (Q = 150); time lag 𝜏 = 10𝛥𝑡, 
N = 256. 

2.3.  Image difference SVD compression 

As it is seen in Fig.1(b), speckle images, which are input data for the processing algorithm, are grainy 

images without structure, and SVD approach is less effective. For better SVD compression, we proposed 

to compress the differences, 𝐷𝑛 = 𝐼𝑛+1 − 𝐼𝑛, 𝑛 = 1. . . 𝑁 − 1. The arrays 𝐷𝑛, 𝑛 = 1. . . 𝑁 − 1  exhibit 

some structure due to the spatial distribution of the speed of the ongoing processes. The activity maps 

and the histograms of the MSF estimate, that have been built at time lag 𝜏 = 10𝛥𝑡, N = 25 for a sequence 

𝐷1
′ , 𝐷2

′ . . . 𝐷𝑁−1
′  restored after SVD compression of 𝐷1, 𝐷2. . . 𝐷𝑁−1, are shown for Q = 10, 25, 50 in Fig. 

5 and Fig.6 respectively.  

 
Figure.5. Activity maps for a synthetic object with 4 activity regions at different compression ratios: 

25.06 (Q = 10), 10.24 (Q = 25), 5.12 (Q = 50); time lag 𝜏 = 10𝛥𝑡, N = 256. 

 

 

 

 

 

Figure.6. Histograms of the MSF estimate for a synthetic object with 4 activity regions at different 

compression ratios: 25.06 (Q = 10), 10.24 (Q = 25), 5.12 (Q = 50); time lag 𝜏 = 10𝛥𝑡, N = 256. 
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The obtained maps show very good contrast because the histograms of the MSF estimate do not 

overlap.  Decrease of Q leads to decrease of the mean values of the estimate and the spread of the 

histograms. As it should be expected, the spread is the largest for the region A1 with the fastest 

fluctuations of intensity. The activity areas can be easily distinguished even at Q = 10. In view that SVD 

compression inevitably leads to changes in spatial correlations between the intensity data in the 

decompressed images, the second SVD approach is more appropriate for objects with comparatively 

large activity regions. 

3.  SVD compression of experimental speckle images 

For the experimental check of feasibility of SVD compression of speckle images acquired for the DSI, 

we chose two objects: i) a Bulgarian coin of 1 Lev covered with a non-transparent paint and ii) a water 

polymer solution droplet spread on a glass substrate. Activity in the first object was produced by 

different evaporation rate of the paint in the coin’s grooves, embossment and flat surface. Evaporation 

of the polymer solution was monitored by recording series of images at different time offsets, 𝑡0, from 

the beginning of the experiment. We used azopolymer poly [1- [4- (3-carboxy-4-hydroxy-phenylazo) 

benzene-sulfonamido] -1,2-ethanediyl, sodium salt] with abbreviation PAZO from Sigma Aldrich. We 

used color CMOS camera X06c-s (Baumer) with 780×582 pixels at pixel pitch 8.3 μm, exposure time 

20 μsec at Δt equal to 250 msec. A linearly polarized light from a He-Ne laser emitting at 632.8 nm 

illuminated the objects on a vibration-isolated table. Polarization was checked with PAX5710VIS-T 

polarimeter (Thorlabs). Exemplary speckle images recorded for the two objects are presented in Fig.7. 

As is seen, speckle entirely obscures the coin’s relief. The same is valid for the polymer droplet. The 

drying process created evolving in time and space distribution of activity.  

 

 

 

 

 

 

 

 

 

Figure.7. Speckle patterns for a coin covered with a non-transparent paint (a) and a droplet of a 

polymer solution on a glass substrate (b); wavelength 632.8 nm.  

 

The ground truth map and the activity maps obtained from image sequence 𝐽1, 𝐽2. . . 𝐽𝑁 with increasing 

number of modes, Q, at N = 256 and a time lag 𝜏 = 10𝛥𝑡 are shown in Fig.8 for the test object coin. 

The maps are plotted with the same scale. The maps were obtained by using a normalized MSF 

processing: 

�̂�2(𝑖, 𝑘,𝑚) =
1

𝑁�̂�𝑖𝑘
1/2∑ |𝐼𝑖𝑘,𝑛+𝑚 − 𝐼𝑖𝑘,𝑛|

𝑁−𝑚
𝑛=1    (2) 

where  �̂�𝑖𝑘 = 𝑁−1∑ (𝐼𝑖𝑘,𝑛 − 𝐼𝑖𝑘)
2𝑁

𝑛=1  and 𝐼𝑖𝑘 = 𝑁−1∑ 𝐼𝑖𝑘,𝑛
𝑁
𝑛=1 are the estimates of the variance and the 

average intensity at point (𝑖𝛥, 𝑘𝛥). The number of the used pixels in the color RGB images was 

580×600, so the total number of the recorded intensity values in the three channels was 3×580×600. We 

used this number to evaluate the compression ratio when only 𝑄(1 + 𝑁𝑥 +𝑁𝑦) = 1181𝑄 non-zero 

values are kept. 
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Figure.8. Activity maps for a coin covered with non-transparent paint at different compression ratios: 

88.4 (Q = 10), 41.8 (Q = 25), 11.8 (Q = 75), 8.8 (Q = 100), 4.4 (Q = 200); time lag 𝜏 = 10𝛥𝑡, N = 

256. 

 

 

 

 

 

 

 

 

 

 

Figure.9. Structural similarity maps for the ground truth map of MSF estimate (2) for a coin covered 

with non-transparent paint and activity maps at different compression ratios: 11.8 (Q = 75), 8.8 (Q = 

100), 4.4 (Q = 200); time lag 𝜏 = 10𝛥𝑡, N = 256. 

 

 

As is seen, the activity maps resemble an image of the coin relief with increasing quality as Q is 

increasing. The maps are acceptable for Q ≥ 75. The maps of the structural similarity index between the 

ground truth activity map and the map from decompressed 𝐽1, 𝐽2. . . 𝐽𝑁images for Q = 75, 100 and 200 

are presented in Fig.9. According to the maps in Fig.9, the result is acceptable at Q ≥ 100. 

Figure 10 presents the activity maps obtained from the sequence 𝐷1
′ , 𝐷2

′ . . . 𝐷𝑁−1
′  composed at Q = 50 

from the speckle images acquired for the second object. The time lag was 𝜏 = 10𝛥𝑡and N = 256. The 

maps correspond to the MSF estimate (1). As it should be expected, the mean values of the estimate for 

the maps from the decompressed images are lower than for the ground truth maps. The maps at Q = 50 

are smoother than the ground truth maps. In both cases, decrease of activity due to the drying is visible. 

Compression for Q = 50 is about 20 times.  
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Figure.10. Ground truth map and activity map at Q = 50 for a droplet of polymer solution at the 

beginning of the experiment and at 6 minutes after; the maps are calculated by processing arrays of 

differences of successive images at time lag 𝜏 = 10𝛥𝑡, N = 256. 

4.  Conclusion 

In summary, we proved feasibility of SVD compression for the dynamic speckle measurement of speed 

of processes ongoing in industrial or biological objects. The output of the measurement is a set of 2D 

activity maps computed at different instants to visualize the speed spatial evolution. We proposed two 

ways to apply SVD and verified them for synthetic and experimental images. The first one decomposes 

the recorded speckle images, and the second one decomposes the arrays containing the difference 

between the intensity values in consecutive images. The first approach requires a larger number of non-

zero singular values but it provides better spatial resolution in building the activity map. This has been 

clearly seen from the good quality of the activity maps obtained for a test object coin covered with a 

non-transparent paint.  The second approach provides high quality of the activity map at smaller number 

of non-zero singular values, and compression substantially increases. The proposed second SVD 

compression was verified by a polymer drying experiment. It is feasible for objects with larger areas of 

constant activity. The SVD method is suitable also for non-uniform illumination with normalized 

processing. 
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