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Fast Holographic Image Reconstruction using 
Graphics Processing Unit 

Mohammad Shorif Uddin, Madeena Sultana, Md. Ziarul Islam 

Abstract— Although recent holographic image capturing technology produces high resolution and high-fidelity images, 
reconstruction technology is yet to be fully developed.  Digital reconstructions of optically captured holograms are highly 
expensive in terms of computation time.  This paper describes a fast holographic image reconstruction process using NVIDIA’s 
Compute Unified Device Architecture (CUDA) enabled Graphics Processing Unit (GPU). This parallel processing technique 
speeds up computation to perform faster Fourier transform for the reconstruction of digital holographic images. Our method on 
CPU and GPU platforms is measured and compared in terms of its efficiency. The experimental results demonstrate its 
improved performance over a factor of 3, as compared with CPU for a holographic image of size (512×512) pixels. 
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1 INTRODUCTION

IGITALLY reconstructing holographic images in-
volves acquiring and processing holographic mea-
surement data, which is recorded by CCD cameras 

or similar devices. It has a broad spectrum of applica-
tions, including high-resolution imaging, information 
processing, holographic interferometry and vibration 
analysis. Digital holography includes the numerical reali-
zation of the diffracted integral, unlike an optical recon-
struction. The process of optical recording of the holo-
grams onto photoplates or photothermoplastic film, and 
optical reconstruction is highly complex and time-
consuming. Therefore, digitally recording primary holo-
grams and digitally reconstructing recorded data pro-
vides a significant advantage to holographic metrology.   

 Digital holography for large volumes of 3D objects 
was first proposed by Kreis and Jüptner’s research team 
[1]-[3]. A holographic method for depth measurement of 
small particles distributed in 3D space was proposed by 
Murata and Yasuda [4]. E. Cuche, P. Marquet, and C. De-
peursinge [5] proposed a technique where off-axis holo-
grams are numerically reconstructed with a calculation of 
scalar diffraction in the Fresnel approximation. A digital 
micro-mirror device (DMD) was used for real-time dis-
play of interferometric fringes in hologram reconstruction 
by Thomas Kreis, Petra Aswendt, and Roland Höfling [6]. 
B. Javidi and E. Tajahuerce [7] presented a technique of 
digital holography to obtain three-dimensional (3D) pat-
tern recognition.  A technique for controlling the size of 
amplitude and phase images, reconstructed from digital 

holograms using Fresnel-transform method was pro-
posed by Ferraro et al. [8]. An algorithm that allows for 
the reconstruction of digital color holograms with adjust-
able magnification is proposed and demonstrated by Fu-
cai Zhang, Ichirou Yamaguchi, and L. P. Yaroslavsky [9]. 
Nicola et al. [10] developed a new technique based on the 
angular spectrum of plane waves for numerically recon-
structing digital holograms on tilted planes. 

Due to high computational requirements, different ap-
proaches for accelerating the hologram computation were 
employed. Fast hardware is exploited, along with accele-
rated algorithms. A number of algorithms, such as a dif-
ferent approximation for computing the light field in 
Fourier and Fresnel holograms [11], the use of horizontal 
parallax for display applications [12], the special formulas 
for fast calculation of optical diffraction on tilted planes 
[13] and a large number of heuristics methods [14], [15] 
were proposed to accelerate computation. Specialized and 
general purpose hardware has been used to speed up 
computation. For example, Watlington et al. [16] at MIT 
employed a hardware architecture, Satake et al. [17] used 
a 128 processor machine, Ito et al. [18] exploited FPGA-
based HORN architecture and Haist et al. [19] began to 
use graphic processing units (GPUs) for fast computation 
of holograms. Since 2007, the use of GPUs to accelerate 
computation became especially interesting, as NVIDIA 
introduced CUDA (Compute Unified Device Architec-
ture) enabled GPUs. This provided massive parallel com-
putation power. The exciting new technology leverages 
the parallel computation more efficiently than a CPU [20]. 
A significant amount of research is currently exploiting 
this processing power for faster computation of hologram 
reconstruction [21]-[23].  

This paper describes the implementation of fast digital 
hologram generation on a central processing unit (CPU) 
and a CUDA enabled graphics processing unit (GPU). 
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2 HOLOGRAPHIC IMAGE AND RECONSTRUCTION 
The simple and effective 3D imaging technique, digital 
holography, is based on interference patterns between 
scattered and unscattered light. It has diverse applications 
in particle image velocimetry (PIV) to 3D microscopic 
imaging. Fig. 1 shows an in-line digital holographic expe-
rimental setup. 

 
Figure 1:  In-line digital holographic experimental setup. 

The aperture can be expressed as:  
  
                                                                              (1) 

The light amplitude, h at an arbitrary point on the 
plane x-y is expressed in the following equation: 
 

            (2) 

 
The distance L between an arbitrary pair of points on 

an aperture and a screen can be expressed as:        
                        

( ) ( )222 ηξ −+−+= yxzL         (3) 

 
Here, λ is the wavelength of illuminating light and j 

denotes the imaginary unit. In order to obtain recon-
structed images from a hologram, numerous computa-
tions for the Fresnel diffraction are required. The Fresnel 
diffraction formula can be expressed as: 

 

 

                                                                                             
                                                                               (4) 

 
 
The interference fringes are expressed in the following 

equation:                                                                      
 
                                                       (5) 
 

Where Id is light intensity and hd is light amplitude on 
the hologram plane and the asterisk represents the com-
plex conjugate. hd can be expressed as: 

                                     (6)  
 

Fig. 2 depicts the recording and reconstruction stages 
of in-line holography. 
 

Figure 2:  Recording and reconstruction of in-line digital holographic 
image.                                 

     According to Kreis et al. (4) it can be expressed as fol-
lows: 

 

 
 

 
 

                                              

 
                                                       (7) 
 

The above approach requires one Fourier transform 
and one inverse Fourier transform.  In our approach, F(gF) 
is computed numerically.  Fig. 3 depicts the reconstruc-
tion of a full volume holographic image [4].      

                  
Figure 3:  Full volume digital holographic reconstruction. 

Our computation considers, λ=0.6328 µm, pixel resolu-
tion, dx=dy= 2 nm. We varied the reconstruction depth z 
from 4116 µm to 4250 µm with an interval of 1 µm. Thus, 
there are 135 z-sections. 

The most significant limitation of digital holography is 
the enormous processing power, memory and storage 
requirements for holographic reconstructions. This is be-
cause each hologram requires the reconstruction of a 3D 
volume of about a thousand different z-sections. Usually, 
Fresnel diffraction computation is accelerated by the FFT. 
However real-time reconstruction from a hologram is 
extremely challenging, even when a faster CPU is utilised. 
For this reason, a real-time computation system is a criti-
cal necessity. Graphics processing unit (GPU) [24], [25] 
can overcome this problem. GPU uses a multiple-
threading technique to achieve computation in parallel.  
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By overcoming this limitation, digital holography will 
replace the most expensive confocal microscopy for bio-
logical imaging in the cellular level. Fig 4. depicts a block 
diagram of the computation algorithm for holographic 
reconstruction.  

 
 

 

 

 

 

 
 

Figure 4:  Computation algorithm. 

3 CUDA OVERVIEW 

The CUDA platform is currently the focus of much atten-
tion, due to its tremendous potential for parallel 
processing. In November 2006, NVIDIA introduced CU-
DA with a new parallel programming model and instruc-
tion set architecture to solve the many complex computa-
tional problems [20]. Each CUDA complainant device 
contains a set of multiprocessor cores, and each core pos-
sesses SIMT (Single Instruction, Multiple Thread) archi-
tecture. Today four quad-core CPUs can run only 16 
threads concurrently, whereas the smallest executable 
parallel unit on a CUDA device is comprised of 32 
threads. All CUDA enabled NVIDIA GPUs support at 
least 768 concurrently active threads per multiprocessor. 
Moreover, some GPUs support 1,024 or more active 
threads per multiprocessor [20].   

The performance of recent NVIDIA GPUs is comparable 
with a supercomputer. For example, NVIDIA GTX280 GPU 
has 240 processing cores, with 1 TFlops (1012 floating point 
operations per second) of computation power with 1GB on-
board device memory. The 240 cores of GTX280 are grouped 
into 30 multiprocessors, each comprising 8 cores [24]. A pa-
rallel implementation of an application on a GPU can 
achieve more than 100 times speedup than CPU execution 
[25].   

SIMT architecture of CUDA allows a portion of a parallel 
application to be executed independently many times on 
different data, with many threads running on different pro-
cessors, at any given clock cycle. This parallel portion can be 
isolated into a function known as kernel. A kernel is orga-
nized as a set of thread blocks. Each thread block is, in turn, 
organized as a three-dimensional array of threads.  Typical-

ly, each thread block may contain 128 threads, 256 threads, 
512 threads, or as many as 768 threads. Threads within the 
same block efficiently cooperate through shared memory 
and synchronize with each other. Each thread has a unique 
thread ID, which is defined by the three thread indices: 
threadIdx.x, threadIdx.y and threadIdx.z. Each block is iden-
tified by a unique, two-dimensional coordinate given by 
CUDA specific keywords blockIdx.x and blockIdx.y. Each 
block must have an equal number of threads that are orga-
nized in exactly the same manner. The use of multidimen-
sional identifiers simplifies memory addressing of multidi-
mensional data. The block and grid dimensions, collectively 
known as execution configuration, can be set at run-time. 

A kernel is executed as a grid of parallel threads. Typical-
ly, each grid contains thousands to millions of lightweight 
GPU threads per kernel invocation. This facilitates a large 
amount of data parallelism. The hierarchy of grid, blocks 
and threads is depicted in Fig. 5.  

GPU memory referred as device memory includes three 
types: global memory, constant memory and texture memo-
ry. Microprocessors of GPU have 4 types of on-chip memo-
ry: registers, shared memory, constant cache and texture 
cache. Cached shared memory enables the threads within 
a block to cooperate with each other. However, a major 
limitation is the lack of similar mechanisms for block co-
operation. On the other hand, global memory is un-
cached. Therefore, accessing global memory is costly. 
CUDA programming requires a single program which 
encompasses both host and device codes written in 
C/C++ with some extensions [20]. The portions that exhi-
bit little or no data parallels are implemented in the host 
code, whereas portions containing rich amounts of data 
parallelism are implemented in the device code.  

 
Figure 5:  Hierarchy of grid, threads, and blocks. 

Hologram image (g) ac-
quisition 

Fourier transform of g: 
F(g) 

Multiplication using Eq. (7): 
F(g)××××F(gF) 

Reconstructed image (in-
verse Fourier transform of 
F(g)××××F(gF)) at a depth z 

z=z+1 
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During compilation, the NVIDIA C compiler (nvcc) 
separates the host code and device code. The host code is 
then compiled with the host’s standard C compilers and 
runs as an ordinary CPU process. The device code is fur-
ther compiled by the nvcc and executed on a GPU device. 

4 COMPUTATION ON CUDA 
The holograms are computed on NVIDIA GeForce 8 plat-
form, using GPUmat [26].  GPUmat is a freeware devel-
oped by GP-You Group, and allows users to directly 
access GPU’s parallel computing power in MATLAB. 
GPUmat library [27] is designed to be integrated with 
MATLAB and provides basic functions for handling cal-
culations on GPU. With the aid of GPUmat, programs are 
easily converted to run on the GPU.  

We employed CUFFT [28] library to perform the Fourier 
transforms. The CUFFT library provides a simple interface 
for computing parallel FFTs on NVIDIA GPUs. The CUDA 
library is exceptionally fast for FFT computation. For the two 
dimensional complex 512×512 FFTs, performance improves 
at a factor of more than 100 when using CUFFT library.  

5 RESULTS AND DISCUSSION 
Digital in-line holography suffers from a high computa-
tional burden, as thousands of z-sections are required for 
3D reconstruction. To overcome the burden, GPU was 
employed to compute FFT and IFFT for 135 z-sections to 
reconstruct a 3D hologram image. Table 1 illustrates the 
overall computation speedup in GPU over CPU, while 
Table 2 provides a comparison of reconstruction time for 
CPU and GPU with an increasing number of iteration. 
Fig. 6 contains a graphic representation of Table 2. 

 
TABLE 1 

COMPUTATION TIME SPEEDUP 

 
TABLE 2 

COMPARISON OF RECONSTRUCTION TIME ON CPU AND 

GPU WITH INCREASING NO. OF ITERATIONS 

 
 
Figure 6:  Computation time comparison for increasing the numbers 
of iterations. 

Fig. 7 presents the hologram input image and recon-

structions at different depths, z.  Here, the image size is 

(512×512) pixels and the hologram images are recon-

structed at different depths, from 4116 µm to 4236 µm, 

with an interval of 1 µm.  A speedup of 3.5x was achieved 

over CPU computation. 
The main drawback of GPU computation is the trans-

fer time required between the host memory and device 
memory. Copying data from the host’s memory to GPU’s 
global memory requires a large fraction of the total execu-
tion time. Therefore, the data transfer time is excluded 
from execution time, a significant speedup is achieved 
with a large database.  A further limitation is that only the 
more recent NVIDIA GPUs support double precision 
arithmetic.  We used NVIDIA GeForce 8500GT, which 
supports single precision computation. Since MATLAB’s 
default is double precision, it was necessary to convert 
data before and after each data transfer. This added an 
overhead to our application. However the accuracy of the 
algorithm for single-precision and  

double-precision arithmetic is evaluated. The quality 
of the reconstruction from the algorithm using single-
precision arithmetic on GPU is comparable with the qual-
ity from the double-precision arithmetic on CPU. Thus 
the implementation using single-precision arithmetic on a 
GPU platform can be used for holographic reconstruction. 

6 COMPUTATION ENVIRONMENT 
Each test was executed on Intel Pentium 4 (host) and NVI-
DIA GeForce 8500GT (device).  Tables 3 and 4 list the host 
and device specifications, respectively. 
 
 

 
 

 

CPU 

(seconds) 

GPU 

(seconds) 
Speedup 

Total computation 

time (for 135 z-

sections) 

18.1595 5.3020 3.425028 

FFT (for 1 z-section) 0.0546 0.0262 2.083969 

IFFT(for 1 z-section) 0.0430 0.0135 3.185185 

No. of 

Iteration 

CPU time 

(seconds) 

GPU time 

(seconds) 
Speedup 

14 1.9229 0.7078 2.716728 

27 3.6516 1.1943 3.057523 

68 8.8188 2.7300 3.230330 

135 18.1595 5.3020 3.425028 
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Figure 7:  Hologram input image and reconstructions at different depths, z.

 
TABLE 3 

HOST SPECIFICATION 

 
TABLE 4 

DEVICE SPECIFICATION 

7 CONCLUSIONS 
Efficient hologram computations are essential to diversified 
applications. Although numerically efficient image recon-
struction algorithms currently exist, real time reconstruction 
is unfeasible on standard CPUs.  This paper presents a GPU 
based 3D hologram reconstruction. Our experimental results 
demonstrate that the hologram computation with iterative 
Fourier transform is faster using the GPU than the CPU. Our 
GPU based computation is approximately 3.5 times faster 
than CPU computation. In addition, this technique could be 
further extended on a multi-GPU platform.  Due to the high 
speed of calculations, we propose that the ideas presented in 
this paper may have widespread applications in these areas.   
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