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Abstract: Strong  atmospheric  turbulence  reduces  astronomical  seeing,  causing  speckle  images  acquired  by  ground-
based  solar  telescopes  to  become  blurred  and  distorted.  Severe  distortion  in  speckle  images  impedes  image  phase
deviation  in  the  speckle  masking  reconstruction  method,  leading  to  the  appearance  of  spurious  imaging  artifacts.
Relying  only  on  linear  image  degradation  principles  to  reconstruct  solar  images  is  insufficient.  To  solve  this  problem,
we  propose  the  multiframe  blind  deconvolution  combined  with  non-rigid  alignment  (MFBD-CNRA)  method  for  solar
image  reconstruction.  We  consider  image  distortion  caused  by  atmospheric  turbulence  and  use  non-rigid  alignment  to
correct  pixel-level  distortion,  thereby  achieving  nonlinear  constraints  to  complement  image  intensity  changes.  After
creating  the  corrected  speckle  image,  we  use  the  linear  method  to  solve  the  wavefront  phase,  obtaining  the  target
image.  We  verify  the  effectiveness  of  our  method  results,  compared  with  others,  using  solar  observation  data  from  the
1  m  new  vacuum  solar  telescope  (NVST).  This  new  method  successfully  reconstructs  high-resolution  images  of  solar
observations  with  a  Fried  parameter  r0  of  approximately  10  cm,  and  enhances  images  at  high  frequency.  When  r0  is
approximately  5  cm,  the  new  method  is  even  more  effective.  It  reconstructs  the  edges  of  solar  graining  and  sunspots,
and  is  greatly  enhanced  at  mid  and  high  frequency  compared  with  other  methods.  Comparisons  confirm  the
effectiveness  of  this  method,  with  respect  to  both  nonlinear  and  linear  constraints  in  solar  image  reconstruction.  This
provides  a  suitable  solution  for  image  reconstruction  in  ground-based  solar  observations  under  strong  atmospheric
turbulence.
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1.    INTRODUCTION
Atmospheric turbulence has always been the main fac-

tor  limiting  the  resolution  of  ground-based  solar  tele-
scope  imaging  systems,  causing  acquired  images  to  be
fuzzy, distorted and randomly displaced. To describe atmo-
spheric  turbulence  with  respect  to  optics,  Fried  postulated
that the physical definition of seeing is the coherence diam-
eter  of  the  turbulent  atmosphere,  expressed  by  parameter
r0  in  cm.  The  better  the  seeing,  the  higher  the  r0  value.
The Fried parameter can be expressed as 

r0 = 0.185cos
3
5 (γ)


λ2∫ H

0
C2

N (h)dh


3
5

, (1)

C2
N(h)

where  γ  is  the  zenith  angle  of  the  observed  object,  λ  is
the  wavelength  of  the  observing  band,  h  is  the  height
above  ground,    is  the  refractive  index  structure  con-
stant of the atmosphere and H is the total height of the tur-
bulent atmosphere[1].

Liu  et  al.  and  Lou  et  al.  have  conducted  long-term
on-site  atmospheric  visualization  tests  at  the  Fuxian  Lake
Solar  Observatory  (FLSO)[2,3].  Table  1  lists  the  annual
mean  seeing  data  at  FLSO  monitored  by  the  solar  differ-
ence image motion monitor from 1999 to 2002. In Table 1,
r0  is  uncalibrated;  r0*  is  calibrated  to  the  zenith  and  can
be  categorized  into  boundary  layer  seeing  r0B  and  free
atmosphere  seeing  r0F.  From  these  data,  the  distribution
of  seeing  at  FLSO  is  not  ideal.  FLSO  has  more  sunny
days  in  winter  and  spring  than  in  summer  and  fall,  but
the  monthly  mean  seeing  is  generally  lower  than  annual
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mean  seeing.  When  strong  turbulence  occurs  in  the  free
atmosphere,  r0  reduces  to  4−6  cm,  causing  short-expo-
sure  images  acquired  by  ground-based  solar  telescopes  to
suffer from severe distortion and degradation.

Presently,  the  NVST  uses  the  speckle  masking
method to reconstruct high-resolution solar images[4,5]. Rep-
resentative  of  statistical  reconstruction  methods,  speckle
interferometry[6] and speckle masking[7] have become main-
stream solar  image reconstruction  methods.  Speckle  mask-
ing  reconstructs  the  modes  and  phases  of  target  images
based  on  the  statistical  properties  of  short-exposure
speckle  images  of  each  order.  The  statistical  method  used
in  speckle  masking  to  describe  the  influence  of  atmo-
spheric turbulence on images is of physical significance.

Because  the  speckle  masking  method  is  based  on  the
triply  correlated  speckle  images,  the  phase  of  the  target
image  is  estimated  recursively  from  the  low-frequency
phase  to  the  high-frequency  phase.  The  recursive  process
will  inevitably  be  affected  by  noise,  such  as  photon  noise,
which accumulates in the high-frequency component, poten-
tially  causing  noticeable  distortion  of  the  fine  structure  of
the object.

Consequently, in the winter and spring when free atmo-
spheric  turbulence  activity  is  strong,  the  resolution  of
FLSO images reconstructed by speckle masking will be sig-
nificantly  reduced.  Full  image  quality  cannot  be  accu-
rately  restored,  and imaging artifacts  will  appear.  This  can
be  verified  through  image  data  from  January  to  April  in
each year at the website, http://fso.ynao.ac.cn.

Another  class  of  solar  image  reconstruction  tech-
niques  uses  the  inverse  convolution method,  which mainly
includes  the  blind  deconvolution  method  and  phase  diver-
sity. Blind deconvolution refers to the technique of estimat-
ing  the  target  image  directly  from  a  small  number  of
short-exposure  images  without  prior  knowledge  of  the
point spread function (PSF). The multiframe blind deconvo-
lution  (MFBD)  algorithm[8]  estimates  the  target  image
based on the principle of maximum likelihood, by employ-
ing  a  sequence  of  short-exposure  solar  speckle  images.
The  phase  diversity  technique  is  a  further  refinement  of
blind  deconvolution,  introducing  a  known  aberration  (e.g.
defocus)  into  the  imaging  system  in  addition  to  the  target
focal  plane  image[9,10].  Then,  images  are  obtained,  and  the
uncertainty  of  the  phase  recovery  is  eliminated  by  using
two  (or  more)  images.  Löfdahl  &  Scharmer  unified  the
problems  of  phase  diversity  and  MFBD  into  the  problem
of  solving  the  wavefront  phase  coefficients  under  the  lin-
ear  constraints  of  maximum  likelihood  theory,  and  the

phase  diversity  method  can  be  regarded  as  a  special
MFBD technology with stronger constraints[11].

The  flaws  of  the  inverse  convolution  method  are  also
obvious.  It  relies  only  on  the  degraded  image  as  an  input
value, and uses an optimization algorithm to find the wave-
front  phase  and  target  image  close  to  the  real  solution.
The  deconvolution  method  ignores  the  existence  of  severe
aberration  and  random  displacements  when  r0  decreases.
Therefore, it cannot accurately describe the nonlinear influ-
ence  of  atmospheric  turbulence  on  short-exposure  images,
and  the  accuracy  of  the  restored  wavefront  phase  is  also
greatly reduced.

In  recent  years,  Liu  et  al.  proposed  Non-rigid  Align-
ment-based  Solar  Image  Reconstruction  (NASIR),  which
is  an image reconstruction method suitable for  fast  search-
ing and filtering data[12]. This method uses the novel appli-
cation  of  a  computational  optical  flow  image  method  to
obtain  image  phase  information  by  using  pixel-by-pixel
non-rigid alignment of each group image based on a refer-
ence  frame.  Non-rigid  alignment  is  the  correction  between
pixels according to a small area in the image, which is dif-
ferent  to  the  overall  size  image  displacement  of  the
speckle  images.  NASIR  can  reconstruct  the  whole  field  at
once  without  splitting  the  image  into  sub-blocks,  substan-
tially  reducing  the  required  reconstruction  time.  However,
this  method  only  considers  nonlinear  correction  of  aligned
image  aberration,  and  ignores  the  use  of  linear  con-
straints  to  reconstruct  the  phase  from  further  image  infor-
mation.

This  paper  proposes  the  MFBD-CNRA  solar  image
reconstruction  technique.  This  algorithm  yields  improved
image  alignment  and  phase  recovery.  Primary  considera-
tions  are  as  follows.  (1)  Effects  of  distortion  and  random
displacement  on  short-exposure  images,  caused  by  strong
atmospheric  turbulence.  We  rationalize  the  geometrical
form  and  structure  of  a  sequence  of  speckle  images  using
the  non-rigid  alignment  technique,  and  the  accurate  align-
ment of images between frames is realized. (2) In poor see-
ing conditions, short-exposure images contain broken struc-
tures.  It  is  necessary  to  use  an  improved  frame  selection
method  to  select  lucky  images  with  sufficient  high-fre-
quency information and stable structure to restrict  the gen-
eral  structural  shape  of  the  target,  preventing  the  image
from  reconstructing  the  wrong  deviation  structure.  (3)
Using  the  non-rigid  aligned  average  frame  to  supplement
the  a  priori  knowledge  of  the  target  image,  we  obtain  the
initial  values  of  wavefront  Zernike  aberration  coefficients
in  the  optimization  process.  Searching  from  reliable  ini-

 

Table 1. Statistical information of the monthly average atmospheric seeing at Fuxian Lake Solar Observatory from 1999 to 2002.
Values  are  in  cm. r0:  the  monthly  average  atmospheric  seeing. r0*:  the  monthly  average  atmospheric  seeing  calibrated  to  the
zenith. r0B: the monthly average boundary layer seeing. r0F: the monthly average free atmosphere seeing [1]

May. Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Apr.
r0 10.42 12.91 14.29 13.44 11.07 9.34 9.26 7.84 6.85 6.74 7.67 8.42
r0* 10.82 14.52 15.03 14.46 12.63 11.25 12.07 10.40 9.62 7.76 9.05 9.32
r0B 13.70 18.25 17.16 15.60 13.06 11.35 12.30 10.73 9.74 8.25 11.39 12.13
r0F 21.18 28.94 39.71 52.03 73.16 139.09 98.56 62.27 98.14 31.21 18.00 17.33
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tial values effectively limits the confidence interval of opti-
mization  and  avoids  falling  into  local  optima  prematurely.
(4)  Anisotropic  filters  are  used  to  effectively  smooth  and
suppress noise, and restore image details.

Here,  we  present  the  specific  principles  and  methods
in  Section  2.  Section  3  presents  observational  NVST  data
and  experimental  results.  Section  4  discusses  the  advan-
tages  and  disadvantages  of  MFBD-CNRA  and  the  role  of
non-rigid  alignment.  Finally,  we  summarize  the  results  of
our work and future plans. 

2.    TECHNIQUES AND METHODS
The  MFBD-CNRA  image  reconstruction  technique  is

still  essentially  a  wavefront  phase  estimation  and  target
recovery  method  based  on  image  intensity.  However,  the
process  of  image  reconstruction  considers  the  nonlinear
degradation process of the solar speckle pattern, which com-
pensates for the lack of linearity.

To  correct  the  distortion  and  displacement  of  speckle
images  caused  by  atmospheric  turbulence,  the  non-rigid
alignment  technology  uses  the  principle  of  optical  flow
(explained in Section 2.1) to align each frame of short-expo-
sure  images  with  the  reference  image  (RI)  pixel  by  pixel,
completing  the  inter-frame  image  alignment  and  yielding
the  corrected  short-exposure  image  sequence.  On  this
basis,  image  sub-blocks  are  segmented,  and  the  lucky
frame  selection  strategy  (explained  in  Section  2.2)  based
on  spectral  ratio  and  structural  similarity  are  adopted  to
select  the  images  with  more  high-frequency  information
and  stable  structure  as  input  images  for  MFBD.  The  aver-
aged  frame  image  of  the  post-alignment  speckle  image
sub-blocks  is  taken  as  the  prior  target  image.  The  initial
value of the phase iteration of the cost generalization func-
tion  is  derived  to  effectively  narrow  the  confidence  inter-
val of the optimization search. An anisotropic filter is intro-
duced  to  smooth  and  suppress  noise  while  restoring  the
image.  Finally,  the  recovered  image  is  stitched  to  recon-
struct the large field-of-view image.

The  above  principle  involves  key  steps  such  as  non-
rigid  alignment  technique,  lucky  frame  selection  method,
estimation  of  wavefront  phase  Zernike  coefficients,  and
denoising. 

2.1.    Non-rigid Alignment Technique
For  ground-based  solar  telescopes,  the  short-expo-

sure image has the problems of distortion and random dis-
placement  caused  by  atmospheric  turbulence.  The  tradi-
tional  way  to  solve  this  problem  is  to  shift  the  whole
image  using  the  inter-correlation  method,  but  this  rigid
alignment  (i.e.,  with  the  same  amount  of  displacement  of
pixels  at  different  positions  in  the  image)  only  over-
comes the  displacement  problem,  and cannot  eliminate  the
aberration  of  different  regions  in  the  short-exposure
image.

In  computational  vision  processing,  the  optical  flow
method  is  often  used  to  establish  the  relationship  model

between  the  image  intensity  change  and  displacement
field  for  target  detection  in  moving  images,  to  obtain  the
displacement  of  each  pixel  of  the  target  between  consecu-
tive  image  frames,  and  finally  to  get  the  motion  trajec-
tory  of  the  spatial  target.  Non-rigid  alignment  draws  on
the  principle  of  the  optical  flow  method  to  establish  the
relationship  model  between  pixel  displacement  and  inten-
sity change for solar speckle images. However, unlike calcu-
lating  the  motion  consistency  of  adjacent  frames  in  the
field  of  visual  processing,  the  adjacent  frame  in  the  field
of  solar  astronomy  has  random  displacement  and  distor-
tion.  Consequently,  it  is  impossible  to  accurately  calcu-
late  the  displacement  field  of  short-exposure  sequence
images by relying on the adjacent frame images.

When  MFBD-CNRA  adopts  the  optical  flow  method,
it  is  necessary  to  select  an  appropriate  reference  frame.
For each frame of the sequence of speckle images, the opti-
cal  flow  vector  between  the  reference  image  and  the
speckle image is calculated to recover the different displace-
ments on each image area.

This  pixel-by-pixel  "non-rigid"  displacement  is  differ-
ent  from  the  overall  rigid  movement  of  the  whole  image,
and  it  can  reasonably  and  efficiently  correct  the  target's
aberration  displacement  in  the  spatial  domain.  At  the
same time,  major  alignment  between the  frames  is  accom-
plished based on the same reference image. 

2.1.1.    Selection of the initial reference image
Accurate  estimation  of  the  displacement  field  needs

an  image  with  a  high  signal-to-noise  ratio  as  a  reference
frame.  When  constructing  a  reference  frame  for  the  first
time,  the  phase  of  the  average  frame image  is  obtained  by
superimposing  short-exposure  sequence  images  filtered  by
the  band-pass  filter,  and  the  mode  is  obtained  according
to  the  statistical  reconstruction  of  speckle  interferometry.
After  combining  the  mode  and  the  phase,  a  reference
frame  image  with  a  stable  structure  and  high-frequency
information is obtained.

The  initial  reference  frame  image  mode  is  recon-
structed as 

|RI (u)|2 =
⟨
|I (u)|2 · Ot f (u)

S it f (u)+S noise

⟩
, (2)

where  u  is  the  frequency  domain  coordinates,  I(u)  is  the
speckle  image,  Snoise  is  the  estimated  noise  power  spec-
trum  in  the  speckle  images,  Otf(u)  is  the  ground-based
solar  telescope  theoretical  optical  transfer  function,  which
is  related  to  the  shape  of  the  telescope  pupil  and  the  aper-
ture,  and  Sitf(u)  is  the  theoretical  speckle  interferometry
transfer  function,  which is  estimated by the  seeing[13].  The
angle brackets denote taking the average value. 

2.1.2.    Calculate the displacement field
The  pixel  intensity  distribution  in  the  localized  region

of the solar speckle image can be expressed as 

f (x) ≈ xT Ax+ bTx+ c, (3)

 

  

130　www.ati.ac.cn



where x  is  the  two-dimensional  coordinates  of  the  speckle
image  region,  f(x)  is  the  image  pixel  intensity  at  the  loca-
tion, A  is  a  symmetric  matrix  variable,  b  is  a  vector,  and
c is a scalar.

We  assume  that  the  approximate  expression  for  the
pixel intensity distribution of the reference frame is 

f1 (x) ≈ xT A1x+ bT
1 x+ c1, (4)

when the speckle image has an ideal translation transforma-
tion  with  this  region  of  the  reference  image,  the  expres-
sion  for  the  relationship  between  pixel  intensity  and  posi-
tion  in  this  region  of  the  speckle  image  and  the  reference
frame image is as follows: 

f2 (x) = f1(x− d) = (x− d)T A1 (x− d)+ bT
1 (x− d)+ c1

= xT A1x+ (b1−2A1d)T x+ dT A1d− bT
1 d+ c1

= xT A2x+ bT
2 x+ c2. (5)

When  the  displacement  d  satisfies  Eq.  (5),  the  coeffi-
cients are equal and it follows that 

A2 = A1

b2 = b1−2A1d

c2 = dT A1d− bT
1 d+ c1, (6)

which leads to the relation 

d = −1
2

A−1
1 (b2− b1). (7)

Therefore,  we  can  develop  a  calculation  model  for
the  image  pixel  intensities  of  translation  transformations.
When  we  assume  that  the  displacement  field  is  only
slowly  varying  so  that  the  information  can  be  integrated
within  the  neighborhood  of  each  pixel,  we  try  to  find  the
amount  of  translation  d  in  Equation  (7)  in  the  neighbor-
hood of the image region, given by 

d =
∑

n

wn AT
n An

−1∑
n

(
wn AT

n∆bn

)
, (8)

where n  is  a  pixel  point  within  the  neighborhood, wn  is  a
way  of  calculating  the  weight  of  the  pixel  points  in  the
neighborhood,  and  ∆bn  is  the  difference  between  bn  and
the reference frame vector b.

To  describe  the  projection  of  the  distortion  on  the
image  more  accurately,  a  more  reasonable  calculation
model  of  the  displacement  field  can  be  obtained  through
optimization  strategies  such  as  the  affine  transformation
of  the  displacement  field  and  the  weighting  of  neighbor-
hood  pixels[12].  For  the  projection  of  general  3D  motion
on  the  image  plane,  the  displacement  field  is  represented
by a 2D 8-parameter model as 

dx(x,y) = a1+a2x+a3y+a7x2+a8xy, (9)
 

dy(x,y) = a4+a5x+a6y+a7xy+a8y2, (10)

which can be written as a matrix, 

d = SP, (11)
 

S =

 1 x y 0 0 0 x2 xy

0 0 0 1 x y xy y2

 , (12)

 

P =
(

a1 a2 a3 a4 a5 a6 a7 a8

)T
. (13)

So, we get 

P =
∑

n

wnST
n AT

n AnSn

−1∑
n

(
wnST

n AT
n∆bn

)
. (14)

When  the  displacement  field  is  slowly  changing,  the
unknown  quantity  An  and  ∆bn  of  all  pixel  points  in  the
neighborhood  are  the  same.  The  least  squares  method  is
used to solve the equation P relating the intensity of multi-
ple  pixels  in  the  neighborhood  to  the  translation  vector.
Then,  according  to  Equation  (11),  the  translation  vector d
of  the  pixel  points  of  the  speckle  images  in  the  local
region,  with  respect  to  the  pixel  points  of  the  reference
image,  can  be  derived.  This  is  extended  to  the  whole
image  area,  and  the  displacement  field  is  established
between the speckle images and the reference image.
 

2.1.3.    Reference image update with iterative alignment
After  the  initial  reference  frame  is  set,  each  pixel  in

the  set  area  of  each  speckle  image  frame  finds  the  corre-
sponding pixel  in  the reference frame,  and obtains the dis-
placement  field  corresponding to  the  two pixels.  Then,  the
distortion displacement of the speckle image can be recov-
ered  pixel  by  pixel  by  inverse  displacement  and  interpola-
tion, according to the solved displacement field vector. Per-
forming  a  single  non-rigid  alignment  of  all  speckle
images in the sequence is referred to as a “round”. The ref-
erence frame of each subsequent round is set to be the aver-
age frame of the speckle image sequence after the comple-
tion of the previous round, to continuously improve the sig-
nal-to-noise  ratio  of  the  reference  image,  which  is  con-
ducive  to  a  more  accurate  restoration  of  distortion.  After
the preset  number of  correction rounds is  reached,  the dis-
tortion  displacement  field  of  each  frame  is  calculated,  and
every  original  short-exposure  image  is  moved  pixel  by
pixel  according  to  the  finally  calculated  displacement
field for complete alignment with the reference frame, cor-
recting  the  geometry  and  structure  of  the  image
sequences.
 

2.2.    Lucky Frame Selection Method
Each  group  of  collected  solar  data  contains  200

speckle  images.  During  the  observation  process,  there  are
likely  to  be  errors  in  some  images  due  to  telescope  point-
ing  errors  and  weather  conditions.  It  is  wise  to  select
images  that  are  less  affected  by  atmospheric  turbulence,
which  will  retain  more  high-frequency  information  and  be
closer to the true target image.
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The  lucky  frame  selection  technology[14]  used  by
NVST is  a  frame selection method based on speckle inter-
ferometry.  The  less  the  image  is  affected  by  atmospheric
turbulence,  the  larger  the  value  of  its  transfer  function
will be in each frequency band. We divide the power spec-
trum of the single-frame short-exposure image by the aver-
age  of  the  speckle  image  power  spectrum  to  normalize
and  obtain  ε(u,  v)  which  is  related  to  the  telescope  and
the atmosphere. O(u, v) is the frequency domain representa-
tion  of  the  target  image,  and  H(u,  v)  is  the  frequency
domain representation of the PSF. 

ϵ (u,v) =
|I (u,v)|2

⟨|I (u,v)|2⟩
=
|O (u,v)|2

⟨|O (u,v)|2⟩
|H (u,v)|2

⟨|H (u,v)|2⟩
=
|H (u,v)|2

⟨|H (u,v)|2⟩
(15)

We can  evaluate  image  quality  using  circular  integra-
tion.  Here,  δ  represents  the  integral  of  ε(u,  v)  in  the  fre-
quency domain, expressed as 

δ =

∫ 2π

0
dθ
∫ ρ2(r0)

ρ1(r0)
ρε (ρcosθ, ρsinθ)dρ, (16)

where  ρ  represents  the  frequency  magnitude  of  the  radial,
ρ1(r0)  and  ρ2(r0)  represent  the  integral  ring  inner  diame-
ter  outer  diameter,  and  r0  is  the  average  seeing  of  the
image.

However,  this  method  does  not  consider  the  problem
of  image  structure  fragmentation  and  distortion  caused  by
rapidly  moving  atmospheric  turbulence.  Consequently,  it
is  not  sensitive  to  image  structure  stability,  and  performs
poorly  at  rejecting  images  containing  broken  and  dis-
torted  structures.  After  the  non-rigid  geometric  correction,
it  is  necessary  to  select  the  lucky  images  with  more  high-
frequency information  and stable  structure  to  constrain  the
overall  structure  of  the  target  to  prevent  the  deviation  of
image  reconstruction  in  the  process  of  MFBD.  Structural
similarity  (SSIM)[15]  is  a  measure  of  the  similarity
between  two  images.  Given  a  single  image  and  the  mean
frame image, it is given by 

S S IM(X,Y) =
(2µxµy+ c1)(2σxy+ c2)

(µ2
x +µ

2
y + c1)(σ2

x +σ
2
y + c2)

, (17)

where µx  is  the  mean  of X; µy  is  the  mean  of Y; σx  is  the
variance of X; σy is the variance of Y; and σxy is the covari-
ance  between  X  and  Y;  c1  =  (k1L),  c2  =  (k2L)  are  con-
stants  used  to  maintain  stability,  L  is  the  range  level  of
pixel  values,  k1  =  0.03,  k2  =  0.03;  and  the  range  of SSIM
is  −1  to  1.  When  the  two  images  are  identical,  SSIM  is
equal  to  1.  The  frame  selection  evaluation  criterion  used
in this paper is given by 

LuckIndex = δ ·S S IM . (18)
 

2.3.    Estimation  of  Wavefront  Phase  Zernike
Coefficients

The short-exposure image can be viewed as a multipli-

cation  of  the  target  image  and  the  PSF  of  the  system  in
the  frequency  domain.  For  the  convenience  of  formula
expression  and  to  avoid  misunderstanding,  in  the  follow-
ing  formula,  the  two-dimensional  coordinates  (u, v)  of  the
image are expressed as a single coordinate (u), given by 

I(u) = O (u) ·H (u) . (19)

MFBD can recover the target and estimate the instanta-
neous  PSF  or  wavefront  phase  information  of  the  system
by establishing the error cost function and finding the mini-
mum values for the aberration coefficient and target estima-
tion.  To  determine  the  degree  of  approximation  between
the intensity of the reconstructed target image and the inten-
sity  of  the  actual  acquired  speckle  image,  we  can  define
an  error  cost  generalization  function  based  on  the  princi-
ple of maximum likelihood estimation, expressed as 

E(O,am) =
J∑
j

∣∣∣I j

(
u)−O(u) ·H j(u)|2, (20)

where  am  denotes  the  wavefront  phase  Zernike  coeffi-
cient  corresponding  to  the mth  term,  and  j  denotes  the  jth
frame of the speckle image in a set of input images.

Löfdahl  adds  Tikhonov  regular  terms  about  the  tar-
get  and  phase  to  the  error  cost  function,  and  the  function
is expressed as[16] 

E(O,a)=
J∑
j

∣∣∣I j

(
u)−O(u) ·H j(u)|2+γ |O(u)|2+αJ (ϕ) , (21)

 

J (ϕ) =
1
2

M∑
m

1
λm

J∑
j

|a jm|2, (22)

where  γ  is  the  Tikhonov  regular  term  parameter  for  tar-
get  estimation,  α  is  the  Tikhonov  regular  term  parameter
for  wavefront  phase  information  estimation,  and  λm  is  the
covariance  matrix  corresponding  to  the  mth  term  of  the
orthogonal polynomials.

Therefore,  the  problem  of  how  to  estimate  the  wave-
front  information  and  the  target  image  from  the  multi-
frame  speckle  image  can  be  transformed  into  a  problem
of  solving  the  cost  generalized  function  with  respect  to
the minimal values of the variable O and the phase informa-
tion  a,  when  the  target  image  and  the  system  PSF  are
unknown. We can apply linear optimization to the cost gen-
eralized  function,  but  it  is  inefficient  to  solve  two
unknowns directly and the calculation easily converges pre-
maturely.

In  this  paper,  we  take  an  approach  that  complements
the  prior  knowledge  of  the  target  image.  Consequently,
we choose to use the non-rigid corrected mean short-expo-
sure image On as the initial priori estimate of the target.

This leads to the solution, the expression is 
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E(On,a) =
J∑
j

∣∣∣I j

(
u)−O(u) ·H j(u)|2+γ |On(u)|2+αJ (ϕ) ,

(23)

after  replacing  the  target  estimate O  with On,  solving  for
the first-order partial derivative of the cost generalized func-
tion E(O,  a)  with  respect  to  the  unknown  quantity  a,  and
thus  solving  for  a  set  of  aberration  coefficients  am−initial,
such  that  E(On,  a)  is  minimized  under  the  condition  that
the initial image On is known.

Considering  the  reduction  of  the  number  of
unknowns to eliminate the objective image O, Löfdahl sim-
plifies E(O, a) as[16] 

E (a) =


J∑
j

|I j|2−

∣∣∣∣∣∣∣∣
J∑
j

I∗j ·H j

∣∣∣∣∣∣∣∣
2

J∑
j

|H j|2+γ


+
α

2

M∑
m

1
λm

J∑
j

|a jm|2. (24)

The initial iteration value of am−initial is used as the ini-
tial  iteration  value  of  the  E(a)  optimization  solving  pro-
cess.  Equation  (24)  is  solved  iteratively  from  the  initial
value, and the iteration is stopped when the maximum num-
ber  of  iterations  is  reached  or  the  resultant  value  meets
the  set  error  value.  Eventually,  the  final  resultant  value  of
aberration coefficients am is calculated.

By  setting  the  initial  iteration  value,  the  search  inter-
val  of  the  final  solution  is  greatly  constrained,  and  some
local  optimal  values  are  skipped,  thereby  converging  to
more  accurate  aberration  coefficients.  By  using  the  phase
aberration  coefficients  and  Zernike’s  formula,  we  recon-
struct the PSF of the telescope.
 

2.4.    Construction of the Image Filter
In actual observation, speckle images usually have addi-

tional  noise.  The  key  to  estimating  the  clear  image  from
the  blurred  image  is  to  make  an  appropriate  strategy
between  obtaining  the  clear  target  image  and  restraining
the  noise.  The  solar  short-exposure  image  with  additional
noise can be expressed as 

I (u) = O (u) ·H (u)+Noise (u) . (25)

Due to  the  existence  of  noise  and  the  influence  of  the
PSF  in  suppressing  high-frequency  information,  the  sig-
nal-to-noise  ratio  of  the  image  is  insufficient,  and  the
direct  deconvolution  method  will  lead  to  serious  noise
and ringing in the target image.

Wiener  filtering  is  a  linear  filtering  method  based  on
the  minimum  mean  square  error  criterion[17],  but  the
power  spectra  of  the  noisy  and  clear  images  are  difficult
to  obtain  accurately  in  practical  problems.  An  approxi-
mate ratio is commonly used to estimate in specific applica-
tions,  which  still  leaves  a  lot  of  noise  in  images  with  low
signal-to-noise  ratios.  The  Tikhonov regularization  denois-
ing  method[17],  in  the  form  of  frequency  domain  trunca-
tion,  can  suppress  the  amplification  of  noise  energy

caused  by  the  energy  decay  of  the  PSF  at  high  frequen-
cies. When the regularization parameter is not selected prop-
erly,  it  will  produce  a  serious  ringing  effect,  causing
unclear edges in the recovered image.

To  better  deal  with  noise  and  image  details,  we  con-
struct a filter in the form[11]
 

Filter = 1−
⟨ J∑

j

Noise j

⟩⟨ J∑
j

|H j|2

|
J∑
j

I j ·H∗j |2

⟩
, (26)

where  Noisej  is  the  estimated  noise  power  spectrum  out-
side  the  selected  cutoff  frequency,  and  the  angle  brackets
represent  taking  the  mean  average  value.  We  then  set  the
values  of Filter  to  0.2−1,  and  all  values  less  than  0.2  and
greater than 1 to 0. All isolated peaks in the filter that can-
not  be  connected  to  the  zero-frequency  peak  are  removed
to obtain a  smooth filter.  This  constructs  a  filter  that  satis-
fies  anisotropy  by  calculating  the  ratio  of  the  noise  to  the
signal at different locations, effectively smoothing and sup-
pressing the noise. 

3.    RESULTS
The  main  scientific  goal  of  NVST  is  to  carry  out

high-resolution  imaging  and  spectral  observation  of  the
sun  in  the  0.3−2.5  micron  band,  including  measuring  the
fine  structure  and  evolution  process  of  the  solar  magnetic
field  with  high  temporal  and  spatial  resolution.  The  tele-
scope has a vacuum sealing window with a diameter of 1 200
mm,  an  effective  telescope  aperture  of  980  mm,  an  effec-
tive  field  of  view  of  more  than  3',  and  a  focal  length  of
45 m at F3.

At  present,  the  channels  of  the  high-resolution  imag-
ing  system  are  mainly  the  chromosphere  H-alpha  (center
wavelength  656.26  nm,  channel  bandwidth  0.025  nm),
and  the  photosphere  TiO  (center  wavelength  705.8  nm,
channel  bandwidth  1  nm).  The  TiO  channel  is  a  common
optical  channel  for  observing  the  solar  photosphere,  and
the  reconstruction  of  TiO  data  is  representative  of  solar
observations in all bands.

The experimental data in Table 2 are all Level 0 obser-
vations  in  the  TiO  band  from  2020  to  2022.  Each  batch
consists  of  200 short-exposure images,  each with an expo-
sure  time  of  approximately  0.15  s.  The  atmospheric  Fried
parameters  r0  of  the  experimental  data  are  calculated  by
the spectral ratio method[18]. 

3.1.    With Seeing of Approximately 1.5"
In  summer  and  autumn,  the  seeing  at  FLSO  is  usu-

ally  approximately  1.5"  and  the  Fried  parameter  r0  is
above  10  cm.  The  speckle  masking  reconstruction  effect
is  quite  good.  Fig.  1  and  Fig.  2  show  the  reconstruction
results  of  data  sets  1  and  2  using  speckle  masking,
MFBD, NASIR, and MFBD-CNRA.

As  can  be  seen,  the  result  images  of  all  algorithms
clearly  show  details  such  as  sunspot,  solar  graining  and
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solar  magnetic  highlights.  Visually,  the  four  algorithms
are  close  in  reconstruction  quality.  To  intuitively  com-
pare  the  quality  in  the  frequency  domain,  we  convert  the
2D power  spectrum image to  polar  coordinates,  then  aver-
age  along  the  polar  angle  to  obtain  a  1D  power  spectrum
curve  with  the  length  of  the  polar  diameter  as  the  fre-
quency  and  the  average  intensity  as  the  energy.  In  Fig.  3,
we  plot  the  power  spectrum  curves  of  the  reconstructed
image  of  Fig.  2.  The  power  spectrum  curve  of  MFBD-
CNRA  image  is  higher  than  the  other  curves  in  the  mid
and  high  frequency  region,  which  is  closer  to  the  limit-
ing  resolution  of  the  telescope.  Fig.  4  shows  the  intensity
profile  at  the  red  line  pixels  and  supports  the  correctness
of the MFBD-CNRA intensity distribution.

To  describe  the  quality  of  image  reconstruction  more

accurately,  indicators  such  as  SSIM and  the  coefficient  of
variation  of  the  intensity  profile  (CVoIP)  are  used  to  ana-
lyze  each  result.  The  SSIM  index  can  be  used  to  evalu-
ate  differences  between  images  by  combining  three  differ-
ent  factors:  brightness,  contrast  and  structure.  CVoIP,
which  is  the  ratio  of  the  standard  deviation  of  the  inten-
sity  profile  to  its  mean,  can  measure  the  difference  in
image contrast.

The  results  of  quantitative  comparison  between
speckle  masking  and  the  other  three  methods  are  given  in
Table  3,  which  shows  that  the  reconstructed  images  of
speckle  masking  have  high  correlation  and  SSIM  with
those  of  NASIR  and  MFBD-CNRA.  The  quantitative
analysis  indices  show  that  the  reconstructed  images  of

 

Table  2. Solar  speckle  image  reconstruction  test  data  set  from  the  NVST.  Information  includes  experimental  data  number,
observation band, observation time, observation area, r0

Data No. Band Time Area r0 /cm
1 TiO 2021-09-30 UT 05:38:42 12 880 11.70
2 TiO 2020-12-08 UT 03:57:16 12 790 10.06
3 TiO 2020-10-06 UT 01:27:41 12 882 9.31
4 TiO 2021-11-29 UT 04:02:58 12 898 7.35
5 TiO 2023-03-06 UT 06:31:57 13 242 5.32
6 TiO 2023-01-20 UT 03:50:04 12 297 4.90
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Fig. 1. Reconstruction results of NVST TiO 2021-09-30 UT 05:38:42, observation active area 12880, from (A) Speckle masking,
(B) MFBD, (C) NASIR, (D) MFBD-CNRA.
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Fig. 2. Reconstruction results of NVST TiO 2020-12-08 UT 03:57:16, observation active area 12790, from (A) Speckle masking,
(B) MFBD, (C) NASIR, (D) MFBD-CNRA.
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Table 3. Quantitative comparison of the reconstruction results from four solar image reconstruction algorithms of test data in
Table 1

Observation Time r0
SSIM CVoIP

Masking MFBD NASIR MFBD-CNRA Masking MFBD NASIR MFBD-CNRA
2021-09-30 UT 05:38:42 11.70 1 0.971 03 0.975 12 0.975 22 0.317 12 0.309 67 0.314 04 0.317 77
2020-12-08 UT 03:57:16 10.06 1 0.843 35 0.873 72 0.907 97 0.241 95 0.238 16 0.264 22 0.265 48
2020-10-06 UT 01:27:41 9.31 1 0.931 70 0.965 54 0.949 84 0.161 91 0.135 52 0.164 08 0.170 23
2021-11-29 UT 04:02:58 7.35 1 0.786 35 0.830 14 0.848 13 0.273 82 0.238 48 0.272 24 0.258 25
2023-03-06 UT 06:31:57 5.32 0.324 34 0.847 51 0.831 51 1 0.165 79 0.196 04 0.245 11 0.256 33
2023-01-20 UT 03:50:04 4.90 0.524 34 0.883 35 0.907 97 1 0.201 95 0.226 14 0.245 22 0.273 64
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NASIR  and  MFBD-CNRA  are  close  to  speckle  masking
when seeing  is  good,  and  even  exceed  speckle  masking  in
image contrast.
 

3.2.    With Seeing of Approximately 3 Arcseconds
In  FLSO  short-exposure  image  data,  the  seeing

reaches the lowest from January to March every year, usu-
ally  approximately  3".  And  r0  range  is  usually  4  cm  to  5
cm.  As  seeing  declines,  the  high-frequency  information  of
the  speckle  image  is  severely  impaired  after  atmospheric
effects,  and  the  signal-to-noise  ratio  also  begins  to
decrease.  Fig.  5  illustrates  the  reconstruction  results  for
data  set  5.  Fig.  6  shows  reconstruction  results  of  data  set
6  for  comparison.  These  two  sets  of  data  are  representa-
tive  of  low  seeing  data  in  actual  observation.  With  the
weakening  of  seeing,  the  phase  recursion  error  gradually
accumulates,  and  the  reconstruction  results  of  the  speckle-
mask  method  show  spurious  structures,  which  have  a
great  impact  on  the  reconstructed  images.  The  multi-
frame  blind  deconvolution  algorithm  can  reconstruct  solar
graining  in  the  local  area,  but  detailed  structures  such  as
sunspot  contours,  penumbral  filaments,  and  edges  of  the
solar graining cannot be revealed.

The  NASIR  algorithm  image  does  not  contain  spuri-
ous  structures  and  shows  low-frequency  information  such

as  the  contours  of  the  solar  graining.  However,  in  the
NASIR  algorithm,  there  is  an  error  in  the  reconstruction
for  the  penumbra  portion:  The  penumbra  portion  has  no
real  contrast.  The high-frequency structures  of  the  MFBD-
CNRA  algorithm  are  better  than  the  results  of  the  other
reconstruction algorithms, retaining a realistic contrast.

In Fig.  7,  we  draw  the  power  spectrum  outline  of  the
reconstructed image of data set 5. The MFBD power spec-
tral  profile  decreases  significantly,  and  the  speckle  mask-
ing  power  spectral  profile  also  decreases  rapidly  in  the
high-frequency  region.  The  power  spectrum curves  for  the
NASIR  and  MFBD-CNRA  images  are  very  close  in  the
mid  and  high  frequency  regions,  and  they  are  both  higher
than  the  other  methods.  Fig.  8  shows  the  intensity  curve
of  the  red  line  in  Fig.  5,  showing  that  the  quality  of  the
reconstructed  image  using  MFBD-CNRA  gradually
improves.
 

4.    DISCUSSION
The  reconstruction  of  observational  data  by  compar-

ing  MFBD  and  MFBD-CNRA  verify  the  necessity  of
non-rigid  alignment,  which  is  a  nonlinear  constraint,  to
solve  the  problem of  solar  image  degradation.  Meanwhile,
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Fig. 5. Reconstruction results of NVST TiO 2023-03-06 UT 06:31:57 at observation active area 13242, from (A) Speckle masking,
(B) MFBD, (C) NASIR, (D) MFBD-CNRA.
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comparing  the  results  of  NASIR  and  MFBD-CNRA,  we
find  that  the  high-resolution  images  cannot  be  recon-
structed  perfectly  without  optimizing  the  solving  phase  by
linear constraint either.
 

4.1.    The Role of Non-rigid Alignment

To  solve  the  problem  of  solar  image  reconstruction,
we  must  consider  the  effect  of  the  atmosphere  on  the
image.  Fig.  9  shows  the  average  frames  of  the  initial
speckle  frame  sequence  and  the  average  frames  of  the
sequence  from  the  first  through  fifth  alignments.  Fig.  10

illustrates the power spectrum curves of Fig. 9A and F.
Geometrically, non-rigid alignment eliminates the influ-

ence  of  random  image  displacement  caused  by  atmo-
spheric  turbulence.  The  pixel  alignment  between  the  cor-
rected  image  sequences  is  improved,  which  is  more  con-
ducive to overcoming strong turbulence.

From  the  power  spectrum  curve,  the  reconstructed
image  after  correction  has  a  good  enhancement  effect  in
the  mid  and  high  frequency  area.  This  is  helpful  for  the
reconstructed  image  resolution  to  be  closer  to  the  diffrac-
tion limit of the telescope.
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Fig. 6. Reconstruction results of NVST TiO 2023-01-20 UT 03:50:04, observation active area 12297, from (A) Speckle masking,
(B) MFBD, (C) NASIR, (D) MFBD-CNRA.
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4.2.    Necessary Linear Constraint
NASIR  shows  some  improvement  in  the  power  spec-

trum  but  still  lacks  in  the  image  phase,  because  it  only
merges  the  mean  frame  phase  and  the  interferometry
speckle  mode  into  a  rebuilt  image.  The  disadvantage  of
this  method is  that  the  calculated Sitf  is  the  same for  each
value  of  r0  without  considering  the  variability  of  the
actual  image.  MFBD-CNRA solves  the  phase  close  to  the
true value through the linear constraint method. For differ-
ent  groups  of  input  images,  it  is  possible  to  compute  the
corresponding  PSF.  Depending  on  the  corrected  image
and  the  calculated  PSF,  the  reconstructed  image  can  be
solved more satisfactorily.
 

4.3.    Further Improvements of MFBD-CNRA
While  achieving  successful  experiments,  MFBD-

CNRA  deserves  further  optimization  and  improvement  in
the following areas:

(1)  Number  of  iterations.  Non-rigid  alignment  based

on  speckle  imaging  requires  a  reference  image.  It  should
be  noted  that  the  number  of  iterations  for  the  reference
image  here  is  roughly  five,  and  it  is  not  the  case  that
more  corrections  are  more  effective.  The  next  step  of  the
optimization  strategy  should  be  to  build  a  reasonable
model  and  choose  the  number  of  frame  iterations  accord-
ing to the value of r0.

(2)  Time  efficiency.  The  MFBD-CNRA  reconstruc-
tion  time  efficiency  is  slower  than  NASIR  and  does  not
improve  significantly  over  the  time  efficiency  of  the
speckle  masking  method.  The  reason  is  that  it  still  needs
to perform the processes of sub-block splitting, reconstruc-
tion,  and  stitching  together  the  final  image.  Further  work
is  needed  to  optimize  the  algorithm  for  high-performance
parallel  computing  to  improve  the  reconstruction  effi-
ciency.

(3) Phase optimization. Phase reconstruction is a diffi-
cult  problem,  and  this  work  currently  still  reconstructs  the
phase  by  employing  the  same  solution  method  used  to
solve  the  Zernike  coefficients.  Traditional  linear  optimiza-
tion  methods  are  effective  but  may  not  be  ideal.  Utilizing
deep  learning  to  search  for  phase  coefficients  is  also  a
promising method to consider in future work.
 

5.    CONCLUSION
Strong  atmospheric  turbulence  in  winter  and  spring

leads  to  a  significant  decrease  in  the  seeing  at  FLSO,  and
the  reconstruction  of  solar  images  using  the  masking  and
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Fig. 9. Average frame images of NVST TiO 2023-01-20 UT 03:50:04, observation active area 12297. (A) The average frame image
before alignment. (B) to (F)：The average frame images after 1st to 5th non-rigid alignment.
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MFBD methods  is  poor.  Combining  the  advantages  of  the
non-rigid  alignment  method  and  phase  reconstruction,  we
propose  a  new  solar  image  reconstruction  method,  termed
the  MFBD-CNRA  method,  which  successfully  obtains
high-resolution images under strong turbulence. The recon-
structed  image  results  from  NVST  observational  data
show  the  robustness  and  applicability  of  the  MFBD-
CNRA  algorithm  in  cases  where  the  r0  parameter  is  less
than 6 cm.

Non-rigid  alignment  is  a  nonlinear  method  that  can
overcome atmospheric  turbulence's  effect.  The  main  effect
is  pixel-by-pixel  alignment  of  images  and  correction  of
aberrations,  thereby  allowing  the  target  image  to  retain
more  high-frequency  information.  Considering  the  differ-
ences  in  actual  images,  linear  constraints  are  essential  in
the accurate calculation of PSF.

For  day-to-day  solar  telescope  observations,  MFBD-
CNRA  can  effectively  process  data,  allowing  continuous
data  collection  in  the  event  of  sudden  unfavorable
changes  in  weather  conditions.  The  MFBD-CNRA  algo-
rithm  can  compensate  for  algorithm-level  defects  in  data
reconstruction  in  the  case  of  strong  atmospheric  turbu-
lence.

Future  work  will  involve  parallelization  of  the
MFBD-CNRA  algorithm  to  further  improve  reconstruc-
tion  efficiency.  This  study  can  provide  an  effective  refer-
ence  for  data  reconstruction  pipelines  in  other  ground-
based solar telescopes. 
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