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Abstract—We show that a three-dimensional (3D) scene can be 

coded by joining different objects by combining multiple 

optically recorded color digital holograms. Recently, an adaptive 

scheme based on affine transformations, able to correct defocus 

aberrations of digital holograms, was demonstrated, that we 

name here Adaptive Transformation in Digital Holography 

(ATDH). We propose an effective framework to create dynamic 

color holographic 3D scene by using a generalization of such 

scheme aided by a speckle reduction method, called Multilevel 

Bi-dimensional Empirical Mode Decomposition (MBEMD), used 

for the first time in color holography. We also demonstrate its 

feasibility to the synthesis of multiple Color Computer Generated 

Holograms (CCGHs).  

 
Index Terms— Holography, Image color analysis, Adaptive 

filters. 

I. INTRODUCTION 

LASSICAL holography has encouraged the 

expectation for a spectacular 3D imaging and display 

systems [1,2], making holographic video as a realistic scenario 

due to the use of several recording materials [3,4] with a very 

high spatial resolution. The same happened with the 

development of digital holography (DH) [5-7] but, nowadays, 

the current technology of digital sensors is still far from the 

performance of classical recording media. On the other hand, 

DH has several advantages related to the digital recording of 

holograms, that is a very fast process, and the objects 

reconstruction, that can be carried out numerically, by 

implementing a discrete version of diffraction propagation 

law. The latter property offers the possibility to envelope 

numerical methods for different applications, such as 

multiplexing [8-11], compression [12,13], and denoising [14-

18]. On the other hand, adaptive transformations applied on 

recorded digital holograms, permit to correct wavefront 
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aberrations, such as tilt [19,20] and defocus [21] and 

chromatic. In particular, quadratic transformation can be 

applied for depth of field extension of a tilted objects in both 

Fourier [19] and Fresnel [20] configurations. Instead, in [21] 

an affine transformation of digital holograms of different real-

world objects allows full control of the object’s positions and 

sizes in a 3D volume with high depth-of-focus. Thanks to the 

latter, synthesis of 3D holographic scene, combining multiple 

digital holograms of different objects, recorded with same 

wavelength, is obtained and a realistic 3D display is 

performed [21]. Similar approach, called scaled Fresnel 

diffraction [22,23] can be used on Computer Generated 

Holograms [24,25] to numerically implement zoom function, 

i.e. without using a zoom lens module. Another interesting 

method for generating a synthetic hologram of both virtual and 

real objects is proposed in [26]. Recently, affine 

transformation method proposed in [27] is also used to correct 

chromatic aberrations in color holography [28,29], where 

digital holograms of the same object are recorded at multiple 

wavelengths. Our aim is to extend the synthesis of holographic 

3D scene method [21] to color DH [30-36], be exploiting the 

fact that the manipulation of objects position [21] and their 

colors [27] can be obtained simultaneously by using a cascade 

of affine transformations. In fact, we will show that it is 

possible to design an unique framework able to manage both 

focus and chromatic deviations. However, synthesized scenes 

will be prone to speckle noise, further emphasized by the 

ATDH process. Many methods have been proposed to reduce 

speckle noise [14-18] in holographic reconstructions. For our 

purpose, we use a speckle reduction method proposed in [17], 

called Multilevel Bi-dimensional Empirical Mode 

Decomposition (BEMD), used for the first time in color 

holography. Definitely, our proposed method consists into two 

steps: (i) synthesis of 3D scene of different objects, which are 

recorded with two wavelengths (red and green) and different 

distances; (ii) improved visualization of synthesized images by 

using the speckle reduction method proposed in [17]. In 

addition, we test the method also for color computer generated 

holograms (CCGH) [37], achieving a good scene quality.    

II. COLOR HOLOGRAPHIC 3D SCENE SYNTHESIS  

In this section we mathematically describe the two main 

steps concerning the synthesis of dynamic 3D scene of 
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multiple objects, recorded with visible wavelengths (red, green 

and blue), at different distances. In particular, in the 

subsection A we design the affine transformation able to 

correct chromatic aberrations and, simultaneously, manage the 

focus positions. Instead, in the subsection B, a brief 

description of Multilevel BEMD is reported.  

A. ATDH for simultaneously color and focus control   

The holographic in-focus reconstruction of a digital 

hologram h(ξ,η), recorded at distance d with wavelength λ, can 

be calculated by using the well-known discrete diffraction 

Fresnel propagation integral: 
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where (ξ,η) and (x,y) are the coordinate systems in the 

hologram plane and image plane, respectively, and px and py 

are the pixel sizes along x and y directions, respectively. 

Applying an affine transformation on recorded hologram, we 

change its coordinates as follow: 

   T1''                                (2)  

where T is the scaling kernel defined as: 
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in which s is the scaling factor. As demonstrated in [21], 

when a digital hologram is stretched by using Eqs.2-3, the 

corresponding in-focus reconstruction is obtained modifying 

the reconstruction distance as 

2s

d
D                                    (4) 

Therefore, it is possible to choose a suitable s able to control 

the focus position D. Instead, in [27] the same affine 

transformation was used to correct the chromatic aberrations.  

In fact, considering two holograms h1(ξ,η) and h2(ξ,η), of the 

same objects, recorded at distance d and wavelengths λ1 and λ2 

respectively, it is possible to obtain the in-focus reconstruction 

at wavelength λ2 using the hologram h1(ξ,η). In particular, 

choosing the scaling factor s such that [27]: 
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where ρx and ρy are the transformed pixel sizes, we achieve 

in-focus reconstruction of transformed hologram h1(ξ’,η’). 

Due to the linearity of transformation in Eqs.2-3, simultaneous 

control of color and focus plane can be obtained by a single 

affine transform: 
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where Dds  and 
12 s , i.e. satisfying Eq.4 

and Eq.5, respectively. Applying the transformation in Eq.6 to 

different objects, recorded with more than one wavelengths 

and at different distances, we can manipulate simultaneously 

their colors and positions in order to create a desired color 

holographic 3D scene. In particular, each object’s color 

reconstruction is transformed by using Eqs.2,6 and the final 

scene is obtained by multiplexing them. A simple sketch of 

scene synthesis is reported in Fig.1. 

   
Fig.1: sketch of proposed method for color holographic 3D scene. Affine 

transformation is applied on recorded color holograms of each object. Notice 

that transformations produce a holograms resize, that are correct by zero 

padding (s∆sΛ<1) or cut (s∆sΛ>1).   

 

As consequence of affine transformation, the hologram sizes 

changes depending on the value of s∆sΛ. When s∆sΛ < 1, the 

hologram sizes reduces and we have to apply a zero padding 

to the transformed hologram in order to recover the original 

sizes. On the contrary, the transformed hologram should be 

reduced in size when s∆sΛ > 1. Obviously, no resizing is 

needed when s∆sΛ = 1. Afterward the numerical 

transformations, holograms are multiplexed together to create 

a synthetic 3D scene. Notice that we have in-focus only the 

objects which focus plane is equal to D. In fact, if the scene 

synthesis is performed in hologram plane, only one image 

plane is in focus; instead, if it is calculated in the image plane 

all objects, are jointly in focus. Basically, we extended the 

concept demonstrated in ref. [22,23] for the case of single 

color CGH to both multi-color holograms and CGHs.  

However, resizing step needs of coordinates interpolation that 

typically corrupt the images, increasing the speckle noise level 

[21,27]. For this reason, we add a denoising step after the 

scene synthesis method. In particular, we use a speckle 

reduction method proposed in [17], called Multilevel BEMD 

and, in the next section, we describe its implementation in 

color holography.     

B. Multilevel BEMD in color holography 

The Bi-dimensional Empirical Mode Decomposition 

(BEMD) is a 2D extension of the classical Empirical Mode 
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Decomposition (EMD). In general, EMD [38,39] is a fully 

data-driven method used to remove the noise produced in 

transform process without making any assumptions on the 

initial data. Since it provides more advantages when 

processing complex signals, EMD has been used in a wide 

range of fields, including geophysics [40], radar [41] and 

medicine [42]. The EMD method decomposes, by a sifting 

process, any complex data set into a finite and often small 

number of components, i.e. a collection of Intrinsic Mode 

Functions (IMF). An IMF represents a generally simple 

oscillatory mode with the same number of extrema and zero 

crossings, with its envelopes being symmetric with respect to 

zero. This decomposition method, operating in the spatial 

domain is adaptive and highly efficient. Since the 

decomposition is based on the local characteristic time scale of 

the data, it can be applied to non-linear and non-stationary 

processes. Considering the good effect of EMD in processing 

one dimensional signal, the same processing scheme was 

extended to the field of image processing [43] and it has been 

referred as BEMD. In the latter, in first step of sifting process, 

after read-in data array, an algorithm returns the maxima and 

minima elements of the matrix considering  the peaks through 

all columns of matrix. Then, a function estimates a surface on 

a 2D grid, based on scattered data. Each cell in the grid is split 

into a triangle, and a linear interpolation is made inside each 

triangle. A mean plane is then obtained by averaging upper 

and lower envelope. The original image can be recovered by: 

RIMFI
j

j                                (7) 

The first IMF contains the highest spatial frequencies, the 

other IMFs contain frequencies progressively smaller and the 

residue R represents low frequency information in the source 

image. The denoising process, in BEMD, is accomplished by 

means of the removal of the high frequency oscillation modes 

1mod IMFII                               (8) 

where Imod is the denoised image. In our implementation of 

BEMD for color holograms denoising, the sifting process will 

be first applied to the image reconstruction and then to each 

IMF obtained from the first process, as shown in Fig.2. 

Several approaches have been introduced to improve the 

sifting process [44], to match BEMD and median filter [45], to 

modify EMD with a new noise-added signal analysis method 

[46] and to create a Multi-Dimensional Ensemble EMD, or to 

use a multivariate EMD [39]. In the proposed implementation 

of BEMD approach, the input image I is represented by a 

linear combination of several extracted IMF’s (plus residuals). 

Consequently, the first decomposition level brings to: 

RIMFI
i

ifirstlevel 
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whereas, the second decomposition level, leads to the 

following description of the image I: 

 

 

 
Fig.2: A first sifting process decomposes the original image in three IMFs and 

then, each of them is further decomposed by a second sifting process. 
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After decomposition, by taking away one of the generated 

IMFs (desirably the IMFij containing the most of the noisy 

components in the acquired image) it is possible to get the 

images  Imod,ij: 

ijij IMFII mod,                          (11) 

Finally, this reconstructed images are smoothed by a Frost 

filter [47].  

)( mod,mod, ij

F

ij IFrostI                      (12) 

Since speckle may reside in one of the extracted IMFs, the 

cancelation of each of them may reconstruct the image with a 

good denoising approximation, but also controlling the trade-

off of removing important structure contained in the image. To 

this purpose, an indicator based on speckle index (SI) [48] is 

considered to quantify our results. Generally, a SI is chosen as 

the metric to evaluate the reduction in speckle. SI is a measure 

of the level of noise in the image: it is computed on a uniform 

region of the image in order to assure that every observed 

deviation from the expected reference value in the pixels is 

due to noise. In light of this, it is obvious that the lower the 

index, the less noisy is the image and in particular, in an 

ideally uncorrupted image the SI value is zero. From the 

computation point of view, the speckle content is described by 

the following functional: 




kSI                                  (13) 

where k = R,G,B, i.e. red, green and blue image band, σ and 

µ are standard deviation and the mean, respectively, of the 
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whole image, computed for each color band. The higher the 

functional SI, the less speckle noise is left in the images. It is 

considered as a measure of the image quality. Therefore, a 

rough evaluation of how the denoising process also impacts 

the signal is performed: the lower the contrast the higher the 

(expected) image quality, since a lower contrast indicates that, 

most probably, the denoising has reduced the standard 

deviation (in general characterized by the noise) much more 

than the mean (to which mainly contribute the signal 

components) of the image. Given the above metrics, in order 

to correctly choose the level that provides the best denoised 

reconstructed digital hologram, it has been necessary to define 

the quality of the color image defined as follows 





BGRk ,,

kSISI                               (14) 

where SI is a measure of speckle content for the three color 

band. The higher the value, the better the quality of the image. 

This allows us to choose the best image reconstructed after 

canceling out the relative IMF in Eq.12. So far, the multi-level 

decomposition is performed for each band and then speckle 

image content defined in Eq.13 are computed. The 

reconstructed image to be retained is finally selected as the 

one that maximizes Eq.14. 

III. RESULTS AND DISCUSSION 

We tested the proposed ATDH for a color holographic 3D 

scene coding method in two cases: (i) two puppets, each of 

them recorded with red and green light, are manipulated to 

moving in 3D; (ii) same scene of (i) but using CCGHs. In both 

cases we apply the Multilevel BEMD to reduce the speckle 

noise. Figure 3 illustrates the optical setup for puppets 

recording. Two lasers with different wavelengths (λred = 632.8 

nm and λgreen=532.0 nm) are used.  

 

 
Fig.3: (a) Optical setup for two wavelength puppets holograms recording. M: 

mirror, BS: beam splitter, BE: beam-expander, RP: reflecting prism, CCD: 

charge coupled device.  

 

The optical configuration is arranged to merge the two 

lasers (He-Ne emitting at 632.8 nm and DPSS laser emitting at 

532 nm, respectively) along the same optical paths both for the 

reference as well as the object beams. The reflecting prism is 

placed only in the path of the red laser beam (having a shorter 

coherent length of about 50 cm) in respect to the green laser 

(80m), thus permitting the matching of the optical path of the 

two interfering beams inside the optical coherent length of the 

red laser. The two puppets are placed at distance 500 mm from 

the CCD (charge-coupled detector) array and, for each of 

them, two holograms are recorded with the two wavelengths. 

The CCD has dimensions of 1024x1024 square pixels, with 

sizes of 6.7μm per side.  The amplitude reconstructions of 

recorded holograms, calculated by Eq.1 are reported in 

Fig.4(a-d). Instead, Fig.4(e,f) report the original chromatic 

aberrations occurring during the recording.  

 

 
Fig.4: Amplitude in-focus reconstructions of red holograms (a,b) and green 

holograms (c,d). In (e,f) the corresponding chromatic aberrations are reported. 

 

Following the scheme reported in Fig.1 (without consider 

the blue part), we apply the affine transform of green 

holograms of both puppets selecting the desired in-focus 

distances, i.e. properly choosing the stretching factor sΔ,1 and 

sΔ,2, while sΛ,1=sΛ,2=1. Instead, red holograms are transformed 

by using the same sΔ,1 and sΔ,2 but setting sΛ,1=sΛ,2=0.8407, i.e. 

correcting the chromatic aberration [27]. An example of color 

3D scene synthesis is reported in Fig.5, where we show the 

two puppets, reconstructing at distance without (Fig.5(a) and 

Movie1) and with (Fig.5(b) and Movie2) focus control. In 

particular, Fig.5(a) is obtained by setting sΔ,1=1 and sΔ,2=1.75, 

but reconstruction at distance d2=500mm, i.e. without focus 

correction due to the stretching by sΔ,2. In this case, only the 

left puppet is in focus. On the contrary, Fig.5(b) is obtained by 

correcting the focus as described in Eq.4 and ref.[21]. In this 

way, both images are simultaneously in focus. Finally, 

Fig.5(b) is treated by using speckle reduction method based on 

Multilevel BEMD [17] described in section IIB and the final 

result is reported in Fig.5(c). The latter achieves an 

improvement of SI about 30% respect the original 
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reconstruction in Fig.5(b).  

Forward movement of the puppets in the right of Fig.5(c), 

keeping the whole scene always in focus, can be obtained by 

changing sΔ,2 in the range from 1.75 to 1 with a step equal to -

0.05 (see Fig.4(d), Movie1 and Movie2). We calculate that 

about 1 meter of whole 3D volume created by proposed 

method is observe always in focus.  

 

 
Fig.5: color 3D scene synthesis without (a) and with (b) focus control. In (c) 

the denoised image (first frame of Movie1) obtained by applying the 

Multilevel BEMD approach on image in (b). In (d) the schematic view of 

frames in Movie1 and Movie2. 

 

As a second example if application of ATDH, we 

demonstrate the proposed method also for 3D manipulation of 

CCGHs. Scene coding and speckle denoising by Multilevel 

BEMD are applied on the synthesis of two CCGHs calculated 

from two photographs. First, we extract  color band from each 

photograph, then the Gerchberg–Saxton (GS) algorithm 

[49,50] is implemented to calculate a CGH for each image. In 

particular, we simulate  CGHs with reconstruction distance 

equal to 800mm and the GS algorithm works for 100 iteration. 

In Fig.6(a,b) we report the two photographs (Astronaut and 

Matryoshka puppets, respectively) and a reconstructed 

multiplexed CCGHs is shown in Fig.6(c). In the latter, no 

focus stretching is used, i.e. sΔ=1 for any CGHs, but chromatic 

correction is achieved by transforming red and blue CGHs 

with sΛ = 0.8407 and sΛ = 1.1247, respectively (see sketch in 

Fig.1). Introducing focus stretching for the Matryoshka 

CCGHs, in the range from 1.5 to 1 with a step equal to -0.025, 

speckle noise enlargement is observed. This is caused by 

resampling due to the stretching transformation, for which the 

correct matching between the colors is no longer obtained. For 

this reason we apply also in this case the multilevel BEMD. In 

Fig.7 we show the comparison between focus stretched image, 

with sΔ,2 = 1.5, before (Fig.7(a)) and after (Fig.7(b)) the 

denoising step. We calculate the SI for the two images and we 

observe and improvement of about 20%. The complete 

sequence of encoded 3D CCGHs scene is shown in Movie3. 

 

 
Fig.6: (a,b) photographs of objects used to test the proposed method to 

CCGHs. (c) is the amplitude reconstruction of encoded CCGH after correcting 

chromatic aberration. 

     

 
Fig.7: (a) synthetic scene created by CCGHs. (b) denoised image (and first 

frame of Movie3) obtained by using Multilevel BEMD.        

IV. CONCLUSION 

We demonstrate the possibility to manipulate color digital 

holograms to synthesize dynamic 3D scene by using affine 

transformations named ATDH. We extend the paradigm of 

stretching transformation applied in [21] and [27] to 

simultaneously manage focus and color of holograms. 

Experimental validation of proposed method are made in two 

different scenario, i.e. the synthesis of 3D scene of recorded 

color holograms as well as CCGHs. In both cases, a speckle 

reduction method, called Multilevel BEMD, is applied to 

improve the visualization results. Our method opens to the 

possibility to implement high effective optical display.   
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