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Abstract—This paper is concerned with automatically fusing
multiple noisy and partially corrupted source images into a
single denoised image. To create the fused image we minimise
a convex objective function, which ensures spatial smoothness
through total variation regularisation, and similarity to the source
images via pixel-wise selective regularisation against each of the
source images. We call this approach Selective Multi-Source Total
Variation Image Restoration (SMTV). Applications of SMTV
include noise removal in low-light conditions, enhancement of
images from low quality or damaged imaging sensors and haze
or cloud removal from satellite imagery. Experimental evaluation
demonstrates that the fusion of multiple images results in a more
accurate recovery than single image restoration.

I. INTRODUCTION

Removal of noise and blurring effects in images has
been a long standing problem in image processing. These
unwanted artefacts can be introduced during both acquisition
and transmission of the images. In fact the presence of
noise is almost entirely unavoidable in virtually all image
capture systems, particularly in low-light environments. These
perturbations can have a detrimental effect on the ability
on further image analysis applications such as segmentation,
classification, object detection or tracking. For example recent
work has shown [1] that imperceptible noise can seriously
affect image classification results when using convolutional
neural networks.

Due to the importance of image restoration a large variety
of approaches have been proposed. These range from simple
filtering approaches [2], [3], [4], to transformed domain filter-
ing [5], [6], statistical methods [3] and more advanced methods
which exploit of repeated image features [7], [8], [9].

Although the previous denoising methods have shown
tremendous success in many cases, they are only applicable
to single images. Therefore they suffer in the following two
ways:

e recovery of all fine detail is not always possible from
a single image

e recovery of large sections of a single image, which
have been occluded or totally corrupted is impossible

To understand the first issue, consider that every imaging
device will capture random noise along with the subject due
to the image formation process. This effect is easily noticeable
in low-light environments. This noise may completely destroy
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some parts of the image, in particular it overwhelms fine details
such that recovery is impossible.

The second issue can be intuitively understood. If there
is no information at all about the subject in a portion of the
image, we cannot recover any information in that portion. For
example weather and atmospheric effects such as cloud or dust
in satellite imagery can completely obstruct the view of the
ground. Depending upon the density of the cloud recovery of
the surface may be impossible.

In this paper we present a method called Selective Multi-
Source Total Variation Image Restoration (SMTV), which
resolves both issues of single image restoration by restoring
a single unified image from multiple noisy and partially cor-
rupted images. We exploit the knowledge that random noise in
images will differ from exposure to exposure and with enough
exposures, the full image detail can be recovered. The same
principle is applied to occlusions and corruptions, where many
exposures with varied occlusions can reveal enough detail even
when large portions of the source images are obstructed. We
provide full source code and data used in our experiments'.

II. TOTAL VARIATION BASED IMAGE RESTORATION

Total Variation Restoration [3], [10], [11], [12] assumes the
following image formation model

I=PA)+N (1)

where A, N,T € R? are the original image, Gaussian noise
and the observed image respectively, N = m xn is the number
of pixels, m is the number of vertical pixels, n is the number
of horizontal pixels, d is the number of colour channels and
P is a linear operator representing a process such as blurring.
Note that each channel of the images have been unrolled into
a row vector.

To recover the original image A the following convex
objective is used
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where B j, is the bounding constraint:

Bip = {A e R™"|l < A;; < h,Vi, j},
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Fig. 1: Visual representation of the SMTV process.

TV(b) is the discrete total variation of b and A(; .y is the
7’th row of A i.e. the 7’th colour channel and [ and h are the
lower and upper bounds. Note that the total variation of each
channel is considered seperarely. There are two versions of
TV: {5 isotropic and ¢; anisotropic. Isotropic TV is defined as

TVz‘(b) = Z Z \/(bw-&-l,y - bx,y)Q + (bﬂc,y-&-l - bﬂc,y)2

rz=1y=1

and anisotropic TV is defined as

TVa(b) =D > |bar1y — bay| + [brys1 — bayl

r=1y=1

where b, ,, is the pixel value of b at the original spatial pixel
column and row coordinates x, ¥ i.e. the row vector used in (2)
has been reshaped to a matrix. Note that we have the following
boundary condition for TV

{bz41,y — bz y = 0|z =n}
{bz,erl — by = 0|y = m}

since m + 1 and n + 1 exceed the image boundaries. In
other words the total variation penalty encourages spatial
smoothness through minimising the horizontal and vertical
intensity differences between neighbouring pixels. Therefore
(2) can be thought of as enforcing spatial smoothness while
remaining as close to the original image as possible.

III. SELECTIVE MULTIPLE-SOURCE TV RESTORATION

Even though single image TV restoration methods have
demonstrated relative success there are limitations to the
amount of detail that can be recovered. For example consider
taking a photograph with a digital camera sensor in a low-light
environment. This photograph will contain a noticeable amount
of random noise. This is particularly a problem for cameras in
consumer technology such as point and shoot cameras, action
cameras and mobile phones. As these devices shrink in size, so
must the lens, camera sensor and the pixel pitch shrink, which
leads to an increase in noise as there is less light available per
pixel. In some circumstances this may mean that some fine
image detail may be entirely lost and TV based methods will
not be able to recover it.

There is another case where single image TV restoration
struggles: large areas of corruption. Consider a satellite that

has been tasked with capturing images of a specific patch
of the Earth’s surface. The view from the satellite may be
partially or completely obstructed by aircraft, pollution, smoke
and atmospheric effects such as cloud or fog. Recovery of the
surface detail in these cases is often impossible, particularly
when the atmospheric effects are totally opaque. Therefore the
satellite may need to make multiple passes over the target
area to produce an image as free as possible of such defects.
However due to the satellites orbit and the nature of being a
shared resources it is often the case that no clean image will
be captured (in a short enough time span) of the target area.

These two problems are the central concern of this paper
and we show how both can be simultaneously resolved using
multiple images instead of a single image. Since in low-light
photography the noise is random we exploit the fact that it
will be different over multiple captures. When enough images
are captured all detail within the scene can be resolved. A
similar concept applies to the problem of occlusions, where if
enough images are captured it is likely that each pixel is free
of occlusion at least once among all captures. To perform this
operation automatically we extend single image TV restoration
to the case where multiple images are captured. Our objective
function is the following:

d
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where I; is the ¢’th observed image of ¢ total images and D,
is a diagonal matrix with known corrupt pixels set to 0 and
all others set to w; where w; is a weight assigned to image 7.
We illustrate the SMTV process in Figure 1.

With this modification to the original TV restoration ob-
jective (2) we can now perform TV restoration from multiple
source images. Furthermore through D; we can easily ignore
corrupt or undesirable pixels and simultaneously preference
the influence of each image or even single pixels from each
image. Where the type of corruption is known it is possible
to use automatic methods to set D;. For example in satellite
imagery there are many techniques such as FMASK [13] and
ACCA [14], which can estimate cloud coverage at a pixel level.
In other cases user interaction may be required to select regions
of each image that are to be ignored.
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IV. OPTIMISATION

To solve (3) we use LADMAP [15], which allows us to
iteratively solve the objective. For the moment we consider
only the anisotropic variant. See the following subsection for
the changes needed when using the isotropic variant.

The anisotropic objective can be written as

t
1
i A ZI1(P(A) — L,)D; || 4
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where R € RN*2N encodes the vertical and horizontal
differences for each pixel i.e.
1 ifi=T1]
-1 ifje@andieE(q
R;j = > &)

-1 ifj%(O)andiEE(%w
0 otherwise.

where O is the set of positive odd integers, F; is a tuple
containing the horizontal and vertical neighbour indices for
pixel i and [z] is the ceiling of x. Essentially AR is a matrix
where the vertical and horizontal differences for each pixel
alternate along the columns with the rows corresponding to
each colour channel just as before.

First we introduce auxiliary variable U
‘1
in AU —I(P(A) — I,)D;||* 6
A MU+ 30 5IPA) - LD ©

st. U=AR 7

then we can relax the constraints by constructing the Aug-
mented Lagrangian form

t
. 1 2
min Xna(A) + A0 + Z §||(P(A) —L)Dillz  ®)

+(Y,U - AR) + Z|[U - AR}}
where X3 ;(A) is the boundary indicator function and Y is

a Lagrange multiplier. Then the process is to iterate over the
following until convergence (see Algorithm 1 for full details):

1) Update A
) n 1 )
min X1 (A) + 21,: §||(P(A) - 1;)Di[|%
H Lo
—|AR-U - -Y
+4 LY
which we can rewrite as
. P 1
min Xna(A) + §||A — (A — ;3G)H%
where G = Y1 (P*(P(A)-1;))D; + n(AR-U—

lY)RT and P* is the adjoint of P. See [16], [17],
[Ml 8] for detail. We have

l, Z@j < l,
Aij =4 h, A, ;> h, &)
A; j, otherwise,

where A = A, — %8G.
2) Update U

min A|U|l1 + (Y, U~ AR) + £|[U - AR}

. 1
min AJUJ + 50— AR = Y

which is solved with the ¢; thresholding operator
[19], [20]

Uij = sign(Uij)max(\Um — g, 0) (10)

where U = AR — %Y.

Algorithm 1 Solving (3) by LADMAP

Require: PV*V, IfXN, DZNXN, R, \ A e, e,
1: Initialise: A =0, U=0,Y =0, g = 0.1, pimax = 10,
20 =11, p = |[Rlr
2: while not converged do
3:  Update A using (9)
4. Update U using (11) or (10)

5: Set ¢
0= Famax (AR = Allp, [UFH = U)
6:  Check stopping criteria
IC-AR|r o,
IRl ’

7. Update Lagrangian Multiplier
YR =Y* 4+ (U - AR)

8:  Update v
Y0 i g < e
7= .
1  otherwise,
9:  Update p
,Uk+1 = min(/lmaxu ’Y,uk)

10: end while
11: return A

A. Isotropic Variant

The isotropic variant is solved in nearly the same way,
with the only difference being the update rule for U. The sub-
problem can be converted into the following proximal /; 2
minimisation

min A|Ul|uz + &0 - B3
U 2
where [[U||1,2 = > 7, [|U(.5)ll2 and B = f(AR — ﬁY) and
F(X) : REX2N - R2XAN gych that the two rows correspond to
horizontal and vertical differences and columns to pixel indices
repeated for each colour channel. The above problem has the
following closed form solution [21]
A max ([ (By.lla = ,0)

= 6By, 11
)= rax(e |Bogle)  Coed U

where o is the elementwise product.
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Experiment GAPG  SMTV Single Image ~ SMTV All Images
Noisy Images 0.01 0.05 0.1
Noisy and Corrupt Images 0.1 0.05 0.0001
Low-Light Photography - - 0.05
Haze and Cloud Removal 0.0001

TABLE I: Overview of A value used for each experiment and
algorithm.

V. EXPERIMENTAL EVALUATION

In this section we present the results of SMTV in a number
of image restoration tasks. First we consider a synthetic
experiment for the recovery of noisy images. Second we
consider the same task again with corrupt pixels. Third we
demonstrate the application of SMTV to photography in low-
light environments and last we show how SMTV can be used to
restore satellite images which have cloud and haze occlusions.

In all experiments we use anisotropic TV. For evaluation of
accuracy against ground truth images we use the Peak Signal
to Noise Ratio (PSNR) metric, which is defined as

82
T > (Xij — Yig)?

where X is the ground truth, Y is the estimation and s is
the maximum possible value of elements in X. Note that
decreasing values of PSNR indicate increasing amounts of
noise and this is a logarithmic scale.

PSNR = 10log,, (12)

MATLAB implementations of all tested algorithms were
used on a machine with 3.4 Ghz i7 CPU and 32GB RAM.
Values chosen for A in each experiment can be found in Table
I. In our experiments we compare SMTV against the state of
the art algorithm for TV image restoration GAPG [12] and
SMTYV but on each image seperately. Full source code and all
images can be found at http://github.com/sjtrny/smtv.

A. Noisy Image Restoration

In this subsection we present the results of restoring an
image from multiple noisy observations of that image. We
use four standard test images: barbara, cameraman, lena and
peppers. For each image we make five copies which are
corrupted with Gaussian noise i.e.

L=A+N;

where A is the ground truth image and I;,, N; are the
ith observed image and Gaussian noise respectively. In this
experiment the Gaussian noise has zero mean and standard
deviation 1071,

Visual results for comparison can be found in Figure 2 and
numeric results in Table II. Since we are generating multiple
versions of this image we report the maximum PSNR and
minimum running time for the single image denoising methods
(GAPG and SMTV Single). For all images SMTV with all
images clearly outperforms GAPG and Single Image SMTV in
terms of accuracy. In comparison to the other methods SMTV
is able to create very pleasing restorations. This is even more
impressive considering when the severeness of the noise, which
has been limited to a standard deviation of 10~ in past work
[12].

Image Method PSNR  Running Time (s)
GAPG 24.88 2.82
Barbara SMTV Single 25.57 3.12
SMTV 30.07 4.52
GAPG 24.92 0.87
Cameraman ~ SMTV Single 27.35 0.77
SMTV 31.89 1.04
GAPG 28.41 2.82
Lena SMTV Single 29.01 3.03
SMTV 33.14 4.72
GAPG 25.95 0.85
Peppers SMTV Single 28.06 0.77
SMTV 32.52 1.11

TABLE II: Synthetic image denoising experiment: PSNR and
running time values for all images.

Image Method PSNR  Running Time (s)
GAPG 26.05 2.64
Barbara SMTV Single 26.27 3.71
SMTV 46.44 2.35
GAPG 26.07 0.85
Cameraman SMTV Single 29.17 0.92
SMTV 46.47 0.60
GAPG 32.07 2.66
Lena SMTV Single 32.04 3.69
SMTV 46.46 2.56
GAPG 27.56 0.85
Peppers SMTV Single 31.28 0.96
SMTV 46.47 0.60

TABLE III: Synthetic denoising and corruption experiment:
PSNR and running time values for all images.

B. Noisy and Corrupt Image Restoration

Similar to the previous subsection we subject our ground
truth to images to noise however this time we set random pixels
to 0 to simulate corruption or occlusion. Therefore the image
formation model is of the form

I = No(A+N;)
where N, is defined as

) — 0, (27]) E Q7
NQ(AU) - { A otherwise.

and () is the set of corrupted indices. In this experiment the
Gaussian noise has zero mean and standard deviation 102
and (Q is randomly generated and uniformly distributed.

(13)

R

Again we make five corrupted copies of each image and
report the best recovery results for the single image algorithms.
Visual results for comparison can be found in Figure 3 and
numeric results in Table III. Overall SMTV dominates clearly
in terms of reconstruction accuracy. Furthermore SMTV using
all five observations is actually faster than GAPG and SMTV
on single images. We believe this is due to SMTV with
multiple observations converging faster since each observation
acts in a way that averages or smoothes out the image further
and reduces the total variation of the combined image.

C. Improved Low-Light Photography

In this section we present visual results of applying SMTV
to low-light photography situations. Photographs taken in low-
light environments typically contain a significant and notice-
able amount of noise. This is due to the reduction in light
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Fig. 2: Visual results for the synthetic image denoising experiment.

falling upon the imaging sensor. To circumvent this photog-
raphers often take longer exposures however this comes with
it’s own set of problems. For example moving scenery (such
as a person or animal walking across the scene) will affect the
entire image, whereas with SMTV we can discard pictures
containing these defects. Or the camera sensor may suffer
from problems such as hot pixels (pixels that give defective
readings as they heat up over time) if the exposure setting
is too long. For this experiment images of static scenes were
taken indoors under standard room lighting conditions. The
images were taken on an Apple iPhone 5s, which has an 8
megapixel camera and f/22 aperture. The iPhone’s flash was
disabled and the exposure time was set to % of a second.
Five images were taken of each scene using the iPhone’s burst
photo functionality. We then performed SMTV on a 500 x 500
pixel subsection for each scene. The images used for each

scene and the corresponding recovered image can be found
in Figure 4. Note that in the zoomed sections of the source
images (first and second column) there is a lot of noise and
edges are very blurry. SMTV removes all perceptible noise
at this magnification level and enhances sharpness and clarity.
For example the edges of individual blocks on the alien toy are
sharpened and each block smoothed. In the mandarin image
the dimples on the skin are enhanced and less blurry and the
text on the label is clearer. Even the small boundary between
the text shadow effect and the white bubble outline on the
“2.P.H.” logo is visible.
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(c) SMTV

Fig. 3: Visual results for the synthetic image and corruption experiment.

D. Cloud Removal and Shadow Correction in Satellite Im-
agery

In this section we present visual results of applying SMTV
to satellite imagery of Earth, which suffers from cloud occlu-
sions of the Earth’s surface and shadows from those clouds.
Two seasonal datasets were generated from LANDSAT images
of a section of Australian land. Each dataset consists of four
images using the visible spectrum bands of the LANDSAT
images at a total resolution of 4000 x 4000 pixels. The source
images are freely available from EarthExplorer [22]. To obtain
the cloud and shadow mask (corrupt pixels) for each image we
used the FMASK algorithm [13]. Since the masks produced by
FMASK are rough we then refined them using Guided Image
Filtering [18]. Finally SMTV was applied to each dataset to
restore images free of the aforementioned defects. See Figures
5 and 6 for results of both datasets. Since we cannot reproduce
the full high resolution images here we select a 1000 x 1000
cropped section to show for each set. The average running time
of SMTV for an image of this size was around 20 seconds.

VI. CONCLUSION

We proposed and evaluated a new method to automati-
cally fuse multiple noisy and corrupted images into a single
denoised image. SMTV has shown remarkable quantitive and
qualitative improvement over traditional single image methods

in denoising and image restoration tasks. Furthermore it has
opened up new applications such as the improvement of
photographs taken in low-light conditions and cloud affected
satellite imagery.
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(b) Cloud and Shadow Masks

(c) Final Output

Fig. 5: Results of SMTV upon the LANDSAT 1 dataset. The cloud and shadow masks are combined with the input images in
SMTYV to produce a final image free of defects.
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(c) Final Output

Fig. 6: Results of SMTV upon the LANDSAT 2 dataset. The cloud and shadow masks are combined with the input images in
SMTYV to produce a final image free of defects.
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