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Abstract: The near real-time speckle masking reconstruction technique has been developed to accelerate
the processing of solar images to achieve high resolutions for ground-based solar telescopes. However, the
reconstruction of solar subimages in such a speckle reconstruction is very time-consuming. We design and
implement a new parallel speckle masking reconstruction algorithm based on the Compute Unified Device
Architecture (CUDA) on General Purpose Graphics Processing Units (GPGPU). Tests are performed
to validate the correctness of our program on NVIDIA GPGPU. Details of several parallel reconstruc-
tion steps are presented, and the parallel implementation between various modules shows a significant
speed increase compared to the previous serial implementations. In addition, we present a comparison
of runtimes across serial programs, the OpenMP-based method, and the new parallel method. The new
parallel method shows a clear advantage for large scale data processing, and a speedup of around 9 to
10 is achieved in reconstructing one solar subimage of 256×256 pixels. The speedup performance of the
new parallel method exceeds that of OpenMP-based method overall. We conclude that the new parallel
method would be of value, and contribute to real-time reconstruction of an entire solar image.
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1. INTRODUCTION

In solar ground-based high resolution imaging, speckle
image reconstruction is used to yield diffraction-limited
resolutions for partially corrected images with an adap-
tive optics system, such as speckle masking (Lohmann
et al. 1983; von der Lühe 1993), phase diversity methods
(Gonsalves 1982; Paxman et al. 1992), and shift-and-
add (SAA) (Li et al. 2014). Due to its high accuracy of
image reconstruction, the speckle masking algorithm is
commonly used in post-processing reconstruction. Be-
cause of the large amount of data and calculations in-
volved in this algorithm, the long reconstruction time
has limited universal application of the algorithm. Near
real-time image reconstruction performance was ob-
tained for the New Vacuum Solar Telescope (NVST) on
a high performance cluster using the Message Passing
Interface (MPI). The program we developed requires
48 seconds to reconstruct one 2368×1920 pixels image
from one burst with at least 100 original images on the
multi-core CPU cluster (Li et al. 2015). However, much
time (one-third of the computation time) was used to
reconstruct subimages from the many burst subimages
in such a speckle reconstruction. Real-time image re-
construction can not only shorten the time between the
observations and data analysis, but also reduce the data
volume at least by a factor of 100. Thus, it is essential
to parallelize and accelerate subimage reconstruction to
further enhance the speedup performance.

Some aspects of using speckle masking algorithms
and parallel computing techniques to reconstruct so-
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lar observation images have been already studied by
Li et al. (2015), Wöger & von der Lühe (2008), and
Li & Zheng (2016). They used traditional MPI and
Open Multiple Processing (OpenMP) to accelerate so-
lar images reconstruction in near real-time based on
multi-core CPU. General Purpose Graphics Processing
Units (GPGPU) is a novel parallel computing technique
and has been widely applied to real-time astronomi-
cal data processing. The Daniel K. Inouye Solar Tele-
scope (DKIST) is about to apply GPUs to accelerate
data processing of visible broadband imager (Beard et
al. 2014). NVST applied GPUs to accelerate frames-
selection method of the Level1 data processing (Shi et
al. 2015). However, only Wöger & Ferayorni (2012)
have attempted to accelerate speckle masking in one so-
lar subimage reconstruction on GPUs. However, they
considered harnessing parallelization within the average
bispectrum calculation algorithm itself, and no signif-
icant speedups were gained. By analyzing the speckle
masking algorithm in subimage reconstruction, we find
that the average bispectrum calculation is most time-
consuming.

In this paper, we propose a new parallel method
for speckle masking algorithm for solar subimage re-
construction using GPGPU. Our method differs from
Wöger & Ferayorni (2012) in that the method accel-
erates the average bispectrum computation algorithm.
Furthermore, we compare the GPU-based solutions to
the OpenMP multi-core CPU execution described in Li
& Zheng (2016), the computation speed of solar subim-
age reconstruction is increased significantly. The rest
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Figure 1. Flow chart of the new parallel speckle masking algorithm based on CUDA on GPGPU.
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Figure 2. The significant part of the pseudo code for subimage reconstruction using speckle masking based on CUDA.
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Figure 3. (a) One subimage of one subimage burst of 100×2562 pixels before reconstruction. (b) The parallel reconstruction
subimage using speckle masking based on CUDA on GPGPU. (c) and (d) are the fields from which (a) and (b) are taken.

of the paper is organized as follows. We describe the
new parallel method for speckle masking algorithm in
Section 2. We present results and analysis in Section 3.
Finally, we present our conclusions and future work in
Section 4.

2. CUDA METHOD FOR THE SPECKLE MASKING

ALGORITHM

In general, one burst with at least 100 short expo-
sure images is converted into a high resolution image.
One burst with at least 100 preprocessed images is seg-
mented into a mosaic of partially overlapping subimage
bursts with 100× 2562 pixels (Li et al. 2015). The pro-
cessing of each subimage burst is relatively independent
of other subimage regions. Each subimage burst pro-
vides the modulus and phases of the object’s Fourier
transform, using the method of Labeyrie (1970) and

Table 1

Specifications of the host PC

Host hardware specification

Processor Intel Xeon E5-2620
Clock speed 2.00 GHz
Memory 32 GB DDR3
Operating system Red Hat 6.2

speckle masking respectively (Lohmann et al. 1983). All
the reconstructed subimages are merged to form a full
high resolution solar image (Li et al. 2015). The speckle
masking algorithm uses the bispectrum of the Fourier
transforms which is defined by

B(u, v) = 〈Ii(u)Ii(v)I
∗

i
(u+ v)〉i

= Oi(u)Oi(v)O
∗

i
(u+ v)

·〈Hi(u)Hi(v)H
∗

i
(u + v)〉i, (1)

where u and v are the two-dimensional spatial frequen-
cies. Ii(u)Ii(v)I

∗

i
(u+v) represents the ith speckle mask-

ing bispectrum; 〈Hi(u)Hi(v)H
∗

i
(u + v)〉i denotes the

average speckle masking transfer function. After ob-
taining the average bispectrum, the object’s phase can
be recovered from it. A detailed description of the tech-
nical parts of the phase reconstruction method is given
in Pehlemann & von der Lühe (1989).

The Compute Unified Device Architecture
(CUDA) is a general purpose parallel computing
architecture with a new parallel programming model
and instruction set architecture developed by the
NVIDIA Corporation (CUDA Toolkit 2018). CUDA
leverages the parallel engine in GPUs to solve many
complex computational problems in a more efficient
way than on a single CPU. It allows developers to
use C or C++ as programming languages and to
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Figure 4. Subimage reconstruction time for a single core CPU serial program, the OpenMP-based method, and the CUDA-
based method for different data sets: set1=100×2562 pixels, set2=125×2562 pixels, set3=150×2562 pixels, set4=175×2562

pixels, set5=200× 2562 pixels.

create high-level CPU+GPU applications without the
need to explicitly manage the parallel architecture
configuration and its communication with the CPU
host (Flores et al. 2014). In our work, we propose a
novel parallel method for speckle masking algorithm
for solar subimage reconstruction based on CUDA.
In the CUDA program model, CPU and GPU work
together and execute their respective tasks. The
GPU accelerates the computationally intense and
time-consuming code, and the CPU takes advantage
of its optimized ability to execute serialization code.
The code to be executed on the GPU is grouped into
data parallel functions called kernels. By analyzing the
speckle masking algorithm on the CPU, we find that
the most time-consuming process is the average four-
dimensional (4D) bispectrum computation. Therefore,
in our algorithm, main functions such as the batched
two-dimensional (2D) Fast Fourier Transform (FFT),
batched 2D spectrum shift, batched 2D spectrum
conjugate, average 4D bispectrum initiation and com-
putation are implemented in C language for the GPU.
Other processes that do not take much time, such as
Fourier phase and amplitude recovery, are implemented
on the CPU, and the work flow is controlled by CPU.
The flow chart of the new parallel method for speckle
masking algorithm is shown in Figure 1.

Table 2

Specifications of GPU device

GPU specification

Model NVIDIA Tesla C2050
Number of processor cores 448
Processor core clock 1.15 GHz
Device memory 3 GB
Memory clock 1.50 GHz
CUDA compute capability 7.0

One subimage burst was made up of a batch of
100 2D 256×256 pixels subimages. The implementation
of the CUDA-based parallel method for one subimage
reconstruction covers the following steps, and the sig-
nificant part of the pseudo code is shown in Figure 2.
Firstly, one subimage burst is preprocessed on the CPU,
and then the data is transferred to the global memory
on the GPU from the CPU host memory. Secondly, the
batched 2D FFT operation is executed using the cuFFT
library distributed with CUDA and multi-threads ker-
nel on GPU (cuFFT Library 2018), and then a batch
of 100 2D spectra is acquired. Thirdly, three differ-
ent kernels are implemented to execute parallel com-
puting tasks with a large of number of threads on the
GPU. These kernels correspond to 2D spectrum shift
and conjugation, and initiation of the averaging of the
4D bispectra, respectively, for the batch of 100 images.
Fourthly, the computation of the average 4D bispec-
trum in serial mode requires five loops, which is most
time-consuming. Therefore, for the module in parallel
mode, the major part of computing is reduced to three
loops by unrolling two inner loops and calling the ker-
nel bispectrum kernel multiple times on CPU+GPU.
Fifthly, the data of the average 4D bispectrum is trans-
ferred to CPU host memory from GPU device memory,
and then is used to reconstruct the object’s phase on
the CPU. Finally, the object’s amplitude is recovered
using the method of Labeyrie (1970), and then one fi-
nal subimage is reconstructed through inverse Fourier
transformation of the phase and amplitude on the CPU.

The new parallel method avoids high data trans-
fer rates between host memory and device memory. In
the subimage parallel reconstruction, only one copy of
subimage burst and average 4D bispectrum needs to
be transferred between host memory and GPU device
memory, and the data volume is so small that the time
of data transfer can be neglected. The time cost of sev-
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Table 3

Runtime and speedup performance measurements for one subimage burst of 100× 2562 pixels between various modules.

Module Serial program (s) OpenMP (s) CUDA (s)
Speedup

OpenMP CUDA

Batched 2D FFT 0.6 0.6 0.02 1 30
Batched 2D spectrum shift 0.35 0.04 0.1 8.75 3.5
Batched 2D spectrum conjugate 0.1 – 0.02 – 5
Average 4D bispectrum calculation 5.1 1.1 0.3 4.63 17
Subimage reconstruction 6.78 2.72 0.72 2.49 9.42

eral individual parallel reconstruction steps is presented
in the next section.

3. RESULTS AND ANALYSIS

For experimental purposes, we used actual solar im-
age data acquired from the NVST. One solar subimage
was reconstructed from a batch of 100 256×256 pixels
subimages in the photosphere TiO channel. Figure 3(a)
shows one observational original subimage of one subim-
age burst before reconstruction. Figure 3(b) shows the
parallel reconstruction subimage using speckle masking
based on CUDA on GPGPU, and its field of view is
slightly smaller than that of original subimage. The
spatial resolution of the reconstructed subimage is sig-
nificantly better than that of original subimage. Similar
images constructed using other methods are presented
elsewhere (Li & Zheng 2016). There is no difference
among the quality of the reconstruction, because the
different methods differ mostly in the speed. All exper-
iments were performed on a Linux operating system on
a computer equipped with an Intel Xeon E5-2620 CPU
at 2.00 GHz (total 16 CPU cores), 32 GB host mem-
ory, and an NVIDIA Tesla C2050 GPU with 448 cores
and 3 GB device memory. The hardware specification
is illustrated in Table 1 and Table 2.

In order to demonstrate the performance advan-
tages of our proposed method, we present a runtime
and speedup performance comparison based on recon-
structing one subimage from one subimage burst of
100×2562 pixels with various modules with a CPU (sin-
gle core) serial program, an OpenMP-based (16 CPU
cores) method, and the CUDA-based method, in Ta-
ble 3. The CPU parallel processing algorithm is im-
plemented using OpenMP. From Table 3, it is seen that
the runtime of the CUDA-based method is much smaller
than that of the single core CPU serial program and the
OpenMP-based method. The runtime of reconstruc-
tion of one entire subimage is reduced to around 0.7
seconds based on CUDA, outperforming the OpenMP-
based methodnby a factor of around 10 in speed. The
most time-consuming module, the average 4D bispec-
trum calculation, shows a substantial speed increase
with a speedup factor of around 17. In the module
for the batched 2D FFT, there is a speedup by a fac-
tor of about 30 when cuFFT library and multi-thread
kernel are used to perform the FFT operation for one
subimage burst on GPU. The processing speed of the
other two modules is about 3-5 times faster than that

of the serial program. From the above comparison re-
sults, we can see that the processing speed of several
reconstruction steps is increased significantly, and the
accelerating performance of the CUDA-based method
is superior to that of OpenMP-based method overall.

Figure 4 shows a computing time comparison of
one subimage reconstruction between serial program,
OpenMP-based method, and CUDA-based method us-
ing different sizes of data sets. It can be seen that
the computation time of the new CUDA-based paral-
lel method invariably decreases compared to that of
the serial program and OpenMP-based method, when
the number of data sets becomes larger. The speedup
ratio of CUDA-based method maintains around 9-10,
while that of OpenMP-based method maintains around
2-3, as the size of data sets increases from set1 to set5.
Therefore, the new parallel method based on CUDA
in our work becomes more efficient than serial imple-
mentation and OpenMP-based parallel method for large
scale data processing.

4. CONCLUSIONS

In this study, we design and implement a new paral-
lel method for speckle masking reconstruction of solar
subimages based on CUDA on GPGPU. Tests are per-
formed to verify the correctness of our program in C
language on NVIDIA Tesla C2050. The details of sev-
eral parallel reconstruction steps are presented, and the
parallel implementation among various modules shows
a great speed increase as compared to the previous se-
rial implementation. We also compare the runtime of
these modules between the new parallel method and
OpenMP-based method, and the speedup performance
of the new parallel method exceeds that of OpenMP-
based method overall. Furthermore, we present a com-
parison in the consumed time among serial program,
OpenMP-based method, and the new parallel method.
The new parallel method shows a clear advantage for
large scale data processing, and a speedup of around
9-10 is achieved in reconstructing one solar subimage of
256×256 pixels.

The current parallel method is applied to accelerat-
ing the reconstruction of one subimage based on CUDA
on one GPGPU. In our future work, we will port the
code of the CUDA-based implementation to a high per-
formance cluster with more GPUs, and accelerate the
reconstruction of all subimages. In summary, our new
parallel method would be valuable, and contribute to
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real-time reconstruction of a full high resolution solar
image.
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