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Abstract

In this work, a special case of the image super-resolution problem where the only type of motion
is global translational motion and the blurs are shift-invariant is investigated. The necessary
conditions for exact reconstruction of the original image by using finite impulse-response
reconstruction filters are investigated and determined. If the number of available low-resolution
images is larger than a threshold and the blur functions meet a certain property, a reconstruction
filter set for perfect image super-resolution can be generated even in the absence of motion.
Given that the conditions are satisfied, a method for exact super-resolution is presented to
validate the analysis results and it is shown that for the fully determined case, perfect
reconstruction of the original image is achieved. Finally, some realistic conditions that make the
super-resolution problem ill-posed are treated and their effects on exact super-resolution are
discussed.

Keywords: Image Processing, Image Super-Resolution, Finite Impulse-Response Filters,
Existence-Uniqueness Conditions.

1. INTRODUCTION

In most imaging applications, a high quality and high resolution (HR) image is desired, so that the
level of details that the image presents to the observer will be high. However, in most cases the
quality and spatial resolution of the image is degraded by several factors. For example, in space
imaging, factors such as atmospheric scattering, sensor noise, non-ideal imaging optics, etc. all
affect the observed image quality. Furthermore, an increase in resolution by using sensor
manufacturing techniques is usually expensive and has its own problems. Thus, a signal
processing technique, which is based on combining several low-resolution (LR) images of the
same scene, has emerged and it is called "super-resolution image reconstruction" (or resolution
enhancement). Most super-resolution methods utilize the diversity that is provided by the
availability of more than one LR images. By diversity, we mean that the LR images corresponding
to the same scene are different from each other in the sense of motion that they contain or the
blur that they are exposed of.

Super-resolution has many application areas where multiple frames of the same scene can be
obtained. For instance, in areas such as medical and space imaging, super-resolution is proven
to be useful. Also, multiple frames in a video sequence can be utilized to improve the resolution
for frame-freeze or zooming purposes.

Beginning from the frequency-domain approach of Huang and Tsai [1], a large number of super-
resolution techniques have been proposed. Iterative back-projection [2], projection onto convex
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sets (POCS) approach [3, 4], stochastic reconstruction methods such as maximum a posteriori
(MAP) or maximum likelihood estimations [5, 6], hybrid MAP/POCS super-resolution algorithm
[7], among others, constitute the early work on image super-resolution. Later, edge-preserving
stochastic methods that perform adaptive smoothing based on the local properties of the image
are studied [8]. Kang and Lee provided a least-squares solution with regularization [9]. In [10], a
super-resolution algorithm that takes into account inaccurate estimates of the point spread
function and the registration parameters is presented.

More recently, super-resolution methods that employ the Bayesian approach as the main
framework have been studied. In [11], a Bayesian adaptive video super-resolution method is
proposed in which the super-resolution process is conducted simultaneously with the maotion, blur
kernel and the noise level estimation. In [12], spatiotemporal dependencies are exploited and the
need to estimate the subpixel motion explicitly is eliminated. Super-resolution methods using
variational Bayesian analysis [13], generalized Gaussian Markov random fields [14], and
symmetric alpha-stable Markov random fields [15] are also studied.

There are many other methods that are not mentioned here, the reader can refer to the tutorial
papers in [16-18] for a more comprehensive reference list. Also, a number of special journal
issues on super-resolution image reconstruction provide collections of studies on the topic [19,
20].

A branch of image processing that is closely related to the image super-resolution problem is
multichannel image deconvolution. The purpose of multichannel image deconvolution methods is
to construct an unobservable true image from several observed blurred ones, but it does not deal
with the problem of increasing the resolution. It is shown that when there are more than three
blurred observations and the blur functions meet a certain property, it is possible to blindly
estimate the blur-free image in the absence of additive noise by using finite impulse-response
(FIR) reconstruction filters [21]. Other works about the topic can be found in [22-24].

In this paper, the conditions for the existence and uniqueness of finite-impulse response
restoration filters for exact reconstruction of the HR image in case of pure translational motion (or
no motion) and shift-invariant blur are derived. The work presented here is based on [21] in which
the same analysis is done for the multichannel image deconvolution case, but it is different in the
sense that the analysis here contains the subsampling operator and (possible) motion between
frames. The motion operator is eliminated by assuming only pure translational motion that allows
combining the motion with the blur operator. The subsampling operator is included in the
derivations and the results in [21] are modified to reflect this inclusion. In the analysis, it is found
that if the number of the LR images is larger than a threshold and the blur functions meet a
certain property, then a set of restoration filters can be constructed for exact HR image
reconstruction even in the absence of motion for the well-posed case, i.e. no additive noise,
known blur parameters, availability of adequate number of LR images, etc. Then, the factors that
make the super-resolution problem ill-posed are treated and their effects on exact super-
resolution are discussed.

The assumption of pure translational motion between the LR frames is somewhat limiting, but it is
a valid presumption for applications where the motion is controlled and there is no local
movement. For example, the scanner resolution can be increased by scanning the document
more than once with slightly changed initial points. Also in some video sequences, the scene is
static and image sequences are obtained by translational motion of the video camera. There are
works in the literature that consider this special super-resolution case [25-27].

The paper is organized as follows. In Section 2, the observation model between the LR images
and the HR image is given and the problem to be solved is defined. In Section 3, the
requirements for the existence and uniqueness of perfect FIR restoration filters are derived. In
Section 4, given that the conditions are met, a perfect reconstruction method is presented to
verify the results of Section 3. In Section 5, some simulation results are provided in order to
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validate the propositions for the well-posed case and the factors that limit exact super-resolution
are discussed. Finally, some conclusions are drawn in Section 6. A preliminary version of this
study has been presented at WASET 2008 conference [28].

2. OBSERVATION MODEL AND PROBLEM DEFINITION

Super-resolution is an inverse problem, where the desired unknown HR image is to be
constructed from the observed LR ones. The desired and observed images are linked through
linear operations such as geometric warp, blur, decimation (subsampling), and additive noise [7].
The observation model that links the desired HR image to the observed LR images is given in
Fig. 1. x(n1,n2) denotes the HR image, yk(n1,n2), k = 1, ..., K, stand for the observed LR images
and b'«(n,n2), k = 1, ..., K, are the blur operators. The additive noise is represented by vi(ni,nz),
and S is the subsampling process. K is the number of LR images.

If the only type of motion between the LR images is global translational motion, then the 2-D Z-
transform of the k'th warped and blurred HR image can be written as:

Xk,b(zl’ 22): X(Zlyzz)ZIszgvk B||< (Zl’ 22) (1)

where X(z1,z2) and Xkn(z1,22) denote for the Z-transforms of the corresponding spatial-domain
images and B'k(zi1,z2) stands for the Z-transforms of the blur functions. Hx and V¢ are the
horizontal and vertical shifts for the k'th observed image in terms of HR pixel units.

If we define Bi(z1,22) := z;" 'z, B'k(z1,z2) or equivalently bi(ni,n2) := b'(ni-Hk, n2-Vi), then (1)
can be rearranged as

Xk,b(21122): X(Zl* Z; )Bk (Zl’ 22) 2
or equivalently
Xk,b(nlinz): X(nlan)*bk(nlinZ)' (3

In summary, if the motion consists of only global translational motion, then the warping and blur
operators can be merged as a single blur operator and the observation model given in Fig. 1 is
reduced into the model seen in Fig. 2.

To obtain the HR and blur-removed image, a reconstruction filter set is applied on the LR images
as seen in Fig. 3. In this paper, the existence and uniqueness conditions for this filter set will be
investigated and derived. Note that in Fig. 3, the LR images must be upsampled before the
filtering process. In this study, it is assumed that the subsampling operator in Fig. 2 does not
reduce the size of the image, but it retains the relevant pixels while setting the value of the others
to zero. Because of this assumption, the upsampling operator is not shown in Fig. 3.
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FIGURE 1: Observation Model.
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FIGURE 2: Simplified Observation Model.
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FIGURE 3: Reconstruction stage for the simplified observation model.

Throughout the analysis, the following notation and assumptions are used:

e Additive noise is ignored.

e The only type of motion is global translational motion and it is combined with the blur
process as explained in (3).

e The size of each blur function is MxM and that of each reconstruction filter is NxN. The
subsampling rate is Ds in both horizontal and vertical directions.

e bYy=b(i, j) (0<i,j<M, 1=k=K)denotes the blur coefficients.

e w=w(i,j) (0=i,j<N,1=k=K)denotes the reconstruction filter coefficients.

It is straightforward to adapt the analysis below to more general cases (rectangular blur and
reconstruction filter functions, different subsampling rates for the horizontal and vertical
directions). In the analysis, concepts from the multichannel image deconvolution problem will be
used. The two problems are different even if the motion is removed because of the existence of
the subsampling operator in the super-resolution problem.
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To determine the existence and uniqueness conditions of the reconstruction filters, the LR images
must be expressed in terms of the HR image, blur operators and the subsampling operator, and
the estimated HR image must be expressed in terms of the LR images and the reconstruction
filters in vector-matrix notation. Let us define the input vector x(ni,n2) as the (M+N-1)x(M+N-1)
image segment centered at (ng,n2) in lexicographic notation:

x(n,-M+N-1)/2n, -M+N-1)72) T'

xtn, =M+N-1)/2,n, —-(IM+N-=1)/2+1
a0 0N D2, N2 )

x(n; +(M +N-1)/2,n, + (M +N -1)/ 2)

where T denotes the transposition operator. The input vector is a row vector and it consists of
(M+N-1)? elements. For (n1,n2) to be at the exact center of the image segment, (M+N-1) must be
an odd number.

The output vector, y(ni,n2), is constructed such that image segments of size NxN centered at
(n1,n2) is taken from each LR image and placed in lexicographic order, and then these segments,
which are expressed by y*(n1,n2), are arranged in a row to form the output vector y(ni,n2). That is,

y(n11n2): [yl(nl,nz) y? (nl-nz) e ye (”1-”2)]
Yl -(N-1)72,n, -(N-1)/2) '
S lnun,)= yi(n —(N —l)/2,.n2 ~-(N-2)/2+1)

vl s (N -1/ 2.0, + (N -1)/2)

The output vector is a row vector and its length is KN2. Just like the case for the input vector, for
(n1,n2) to be located at the exact center of the LR image segments, N must be an odd number.
This condition, combined with the requirement that (M+N-1) must be an odd number, implies that
M also must be an odd number. If M, the size of the blur filters, is not an odd number, it can be
done by adding zeroes to the right and bottom of the filter functions.

The blur matrix, B, is constructed from the coefficients of the blur functions:

B 0 - 0 bk 0 - 0]
: o BK : N :
BK 1 .0 bt 0
B=[B, B B«], B.=| M = |, Bk=|"M (4)
[ 1 2 K] k Q BKA B]If i 0 bﬁw blkl
|0 0 .. By |0 0 .. by]

The size of B is (M+N-1)xN, the size of Bk is (M+N-1)2xN2, and B is a (M+N-1)2 x KN2 matrix
(i=1,...,M, k=1,...,K). 0 denotes for the zero matrix of appropriate size.
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FIGURE 4: The formation of the subsampling matrix for the case of one LR image.

The subsampling matrix S can be defined as:

Six 0 0
10 0 S, 0 - 0 0 0 0
0 0 0 S,
Sx: ) Sxx: Q' Sxxx Sxx !
00 0 0 - 0 0
10 0 i
S 0 0
0 S :
S - = XXX . 5
S ©)
0 0 S

The size of Sx is DsxDs, the size of Sk is NxN, the size of Sy is N2xN?, and S is a KN2xKN?
square matrix. The repetition rate of Sxx on the main diagonal of Sxx is 1/Ds. As explained before,
the subsampling matrix defined here does not reduce the size of the image; it retains the desired
pixel values while zeroing the others.

A visual example is given in Fig. 4 to have an insight on how the subsampling matrix defined
above performs the subsampling process on the blurred input vector. In this example, the
following values are used:

The number of LR images: K =1,

Subsampling rate: Ds = 2,

The size of the reconstruction filters: N = 5,

Location of the pixel to be reconstructed: (n1,n2) = (2, 2).

The pixels in circles are the pixels we want to retain. The example is given for K=1. For K >1, the
subsampling matrix S is formed by repetition of Syxx on the main diagonal.
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Based on the definitions above, the input-output relation of the observation model given in Fig. 2
is given as:

y(n,n,)=x(n,n,)-B-S. (6)

The problem we wish to solve is the following: Given y(ni,nz), B and S, determine the existence
and uniqueness conditions for the reconstructing filter set shown in Fig. 3 such that x(ni,nz) is
obtained perfectly for all (n1,nz).

3. EXISTENCE-UNIQUENESS OF THE RECONSTRUCTION FILTERS

To reconstruct the original image, an FIR filter set is applied on the degraded images as shown in
Fig. 3. Let us define the reconstruction vector w as the concatenation of the coefficients of each
reconstruction filter:

ool ) ]

wk is a column vector of length N2 and w is a column vector of length KN2. The estimated HR
image can be expressed as:

K k k K k
W =L’V11 Wiz 0 WinoN WNN]T'

)z(nlan): y(nl,n2)~w (7)

For exact reconstruction, the estimated HR image must be equal to a shifted version of the
original image for all (n1,n2) (possibly excluding the borders):

)Z(nl,nz):x(nl—a,nz _ﬂ) ®)

The shift is expressed by (a, 8). Combining (6) and (7), the requirement for exact reconstruction
can be written as

B-S-w=e,, 9)

where eqp is a column vector of size (M+N-1)? in which the location of the only nonzero element
is determined by the shift (a, 8). When B, S and (a, B) are given, the reconstruction vector w that
satisfies (9) becomes the appropriate column of the (pseudo) inverse of B-S. For (9) to have at
least one solution (i.e. the existence of the filter set that satisfies (9)), B-S must have full row rank,
and the uniqueness of the solution is guaranteed when either B-S is a non-singular square matrix
or it has full column rank. Consequently, before deriving the existence and unigueness
conditions, the rank properties of B-S will be investigated first.

Definition. A set of 2-D FIR transfer functions, Bi(z1,zz2), B2(z1,22), ..., Bk(z1,22), are said to be
strongly co-prime if there does not exist a zero (£1,£2) common to all transfer functions [21], i.e.,
there does not exist ({1,¢2): Bk(41,42) =0, vk =1, ..., K.

Theorem 1. Let B and S be defined as (4) and (5), respectively. Then, the rank of B-S becomes
(M+N-1)2 if the following two conditions are satisfied:

1. KN/DZF > (M+N-17
2. The 2-D Z-transforms of the blur filters, bi(ni,n2), bz(ni,nz2), ..., bk(ni,nz), are strongly co-
prime.

Proof. In the proof of Theorem 1, we will utilize the Sylvester's Inequality that gives an upper
bound for the rank of product of two matrices [29]. Sylvester's Inequality is given by:

International Journal of Image Processing (1JIP), Volume (11) : Issue (3) : 2017 56



Fatih Kara & Cabir Vural

rank(B - S) < min{rank(B),rank(S)}. (10)

Eqg. (10) means that the rank of B-S can not be larger than the rank of B or the rank of S. Recall
that the sizes of B and S are (M+N-1)2xKN? and KN?x KN?, respectively. Therefore, B-S is full row
rank if its rank is equal to (M+N-1)2. If the rank of B-S is (M+N-1), then the rank of B is also
(M+N-1)2 according to the Sylvester's Inequality, that is, B must have full row rank. B having full
row rank means that when the subsampling operator does not exist (when S is the unity matrix),
i.e. in the multichannel image deconvolution problem, the reconstruction filters that satisfy (9) do
exist. The analysis of this situation is done in [21] and the necessary conditions are derived as: (i)
B must have more columns than rows {KN? = (M+N-1)?}, (ii) The 2-D Z-transforms of the blur
filters must be strongly co-prime. The proof of this proposition is given in [21].

According to the Sylvester's Inequality, the rank of S must be at least (M+N-1)? for B-S to have
full row rank. If we consider that S is a diagonal matrix whose nonzero elements appear only on
the main diagonal, then the rank of S becomes the number of 1’s that it contains:

rank(S) = (# of 1’s in Sx) X (# of Sx’s in Sxx) X (# of Sxx's iN Sxxx) X (# Of Sxxx's in S)
~[n/D2 | [N/DZ | K (11)

where [ x] means the smallest integer larger than x. As a result, the following inequality arises for
the rank of S:

K-[N/DZ[ = (M+N -1 (12)

Note that if the requirement in (12) is satisfied, then the requirement about the rank of B which is
given by KN? = (M+N-1)? is also satisfied. Let us rewrite the Sylvester's Inequality when the
conditions about the ranks of B and S are satisfied:

rank(B-S)< (M +N -1 (13)

To prove Theorem 1, we must show that the inequality in (13) becomes equality, i.e. the rank of
B-S is (M+N-1)2 if the requirements about the ranks of B and S are satisfied. Three matrix
properties will be utilized to get the result:

Let C be an arbitrary matrix of size mxn and D of size nxp.

Property 1. Let C°¢ be constructed by applying column permutations on C, and let D" be
constructed by applying the corresponding row permutations on D. Then the following property
holds:

C-D=E = C®.B' =E.
1

2
in D2 is equal to the number of columns in 0 matrix, the following equality holds:

D
Property 2. If C is of the form [C1 0] and if we express D as D = {D } where the number of rows

C-D=C;-D;.
Property 3. rank(C) = n = rank(C-D) = min{ n, rank(D) } [29].

To utilize Property 3, B-S multiplication matrix must have a special structure. For this purpose, we
must operate on B-S by using Properties 1 and 2. These operations are as follows:
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i. (B-S)T = ST-BT = S.BT. If B-S is full row rank, then (B-S)T is full column rank. BT is a matrix
of size KN? x (M+N-1)? and has full column rank as explained above.

. By applying column exchange operations on matrix S, all the columns that are comprised
of zeroes are forced to be on the righthandside of the matrix S. The same operations are
done on the rows of BT. Let us denote the resulting matrices as S°¢ and B7". According to
Property 1, the multiplication S-BT will be equal to S¢-BT".

- . : B :

iii. S¢ matrix is of the form [SS 0Q]. Let us write the matrix BT as B™" :{B#r] By using

2

Property 2, we have S-BT = S¢BT' = S¢.BJ" .

iv.  The size of S§ is KN2 x K -\_N/DSZJ2 and its rank is K ~\_N/D52J2. The size of the

reduced transposed blur matrix, BI" , Is K -LN/DS?JZ X (M+N-1)2. If we think that the
requirement given in (12) is valid, then the number of rows of BI’r is still larger than its

number of columns. Consequently, BI’T is still of full column rank, i.e. its rank is (M+N-
1)2. Now we can compute the rank of S-BT by using Property 3:

rank(S-BT) = rank(S$ -B;") = min {K .LN / DSZJZ , (M+N-1)2 } = (M+N-1)2, (14)

V. The rank of a matrix is equal to the rank of its transpose, i.e. rank(B-S) = rank(S-BT) =
(M+N-1)2. Thus, we can conclude that when (12) is satisfied, the multiplication B-S has
full row rank and the proof is complete. [ |

Assuming that B.S has full row rank, the existence and uniqueness conditions for (9) is given in
Theorem 2.

Theorem 2. Let us assume that K -\_N / Dgf >(M +N -1 and B-S has full row rank, i.e. its rank

is (M+N-1)2. Then for a given shift (a, B), the reconstruction filter set w that satisfies (9), exist. The
uniqueness of the solution is guaranteed if the inequality becomes equality (in this case, B-S
becomes a square matrix) or the minimum norm solution is obtained.

Proof. For the system given in (9) to have at least one solution, the full row rank property of B-S
is adequate [30]. The full row rank property of B-S requires that B-S must have more columns

than rows. The inequality K -\_N/DSZJ2 >(M +N -1 means that B-S has more columns than
rows. Consequently, when the inequality is valid and B-S has full row rank, the system has at
least one solution. If (12) is satisfied as an equality, then B-S is a square non-singular matrix, and
the solution is unique. If (12) is satisfied as an inequality, then the minimum norm solution which
is known to be unique is selected. [ |

To sum up, the requirement in (12) and the co-primeness condition of the 2-D Z-transforms of the
blur functions are the necessary and sufficient conditions for the existence of the perfect
reconstruction filters. Some direct results of (12) can be stated as follows:

. K must be at least Ds2+1.

e  Super-resolution without motion is possible as long as the requirement in (12) and the co-
primeness condition is satisfied.
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4. APERFECT SUPER-RESOLUTION ALGORITHM
Using (9), the reconstruction filter vector can be found as:

W =pinv(B-S)-e, , (15)

where pinv(A) denotes for the pseudo-inverse or generalized inverse of a matrix A. Let us
consider a set of linear equations expressed as y = Ax. Generally the solution x cannot be found
or it is not unique. However, a vector x can always be found that minimizes [|Ax-y ||> where ||.||
denotes the Euclidean norm. When formulated in this manner, the solution is unique, and it is
given by x = pinv(A).y. Singular value decomposition is used to compute the pseudo-inverse of a
matrix. If A has full row rank, then the pseudo-inverse becomes pinv(A) = AT(AAT)1. If A does not
have full row rank, a method like the one in [22] can be utilized to compute pinv(A). In the
simulations, the pinv(.) function of MATLAB is used.

Let us express W in (15) as wqg to indicate that it is obtained for a shifted version of the original
image. In this case, the estimated image can be written as:

-~

>2oc,,a(nlynz)=Z:Yk(nlvnz)”‘W;,ﬁ(nl:nz) (16)
k=1

where * stands for the 2-D convolution operator and wkqg(n1,n2) are the reconstruction filters for a
given shift (a, B). Note that the size of the original image is DsNixDsNz, where NixNz: is the size of
the LR images. The estimation of the image in (16) does not suffice to represent all of the original
image, it is equal to the original image for pixel locations (n1, n2) = (i.Ds, j.Ds), i=0, 1, ..., N1, j =0,
1, ..., N2 and zero for others (if the existence requirements are satisfied). The reason for this
phenomena is that there is not a single subsampling matrix. One can construct Ds? distinct
subsampling matrices. As a result, there will be Ds? reconstruction filter sets. For each NixN:
sized portion of the original image, a different reconstruction filter set will have to be be used.

Instead of creating D¢? different subsampling matrices, all of the original image (possibly
excluding the borders) can be reconstructed by utilizing the information about the shift (a, 8). This
method is given as follows:

e  Estimate N using (12) when M and K are given.
e Construct B and S.

e Forall0=a, f<Ds-1,find wgg using (15).

e Forallaand g, find X, ,(n;,n,) using (16).

e Forallaand B, shift X, ,(n;,n,) by (-a, - B).

Ds
e Reconstruct x(ny,n,)=x(ny,n,) by using X(ny,n,)= >

-1
a=0

Ds—lh
Z Xap (n1' n, )
/=0

The purpose of the method presented above is to validate the propositions given in Section 3 by
simulation. We do not claim that it can be used in real situations. In reality, the problem is not fully
determined like assumed here. It is ill-posed because of reasons such as additive noise, non-
availability of the blur operators, errors in estimation of the motion vectors, insufficient number of
available LR images, etc. In the next section, the effects of these factors in estimating the HR
image will be investigated.

5. SIMULATION RESULTS

To validate the analysis above, some computer simulations are performed on a Lena image of
size 200x200. The image is first blurred, then subsampled (motion is considered only in the last
part of the simulations, as long as the conditions for existence are satisfied, there is no need for
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motion). Blurring and subsampling are applied numerous times on the original image to obtain
many LR images. The parameters of the blur functions are chosen randomly, the only constraint
about the blur functions is that they do not change the energy of the original image. A number of
simulations are performed for different blur sizes, different subsampling rates and different
number of available LR images. For each case, the HR image is estimated using the method
explained in the previous section.

In Table 1, the minium size of the reconstruction filters for perfect reconstruction of the original
image is given for different subsampling rates, number of LR images and blur filter sizes. The size
of the reconstruction filters is estimated by using (12). Ds is the subsampling rate, K is the number
of available LR images, and M is the size of the blur filters. N is the size of the FIR reconstruction
filters for exact super-resolution under given conditions. It is assumed that all the blur filters are of
the same size, and the reconstruction filters are also of the same size. In the table, it can be seen
that as long as the number of LR images is more than the square of the subsampling rate, a
reconstruction filter set can be defined for error-free reconstruction of the original image. When
the number of available LR images increases, the size of reconstruction filters for exact super-
resolution decreases. There is a relationship between the blur and reconstruction filter sizes,
when the former increases, the latter also increases as expected.

Now, the effect of various factors on exact super-resolution will be investigated. These factors
are: (i) the number of available LR images, (i) the reconstruction filter size, (iii) the case of
linearly dependent blur functions, (iv) additive noise, and (v) existence of motion. Before the
investigation, exact super-resolution is performed for the ideal case. The parameters are chosen
as Ds=3, K=11, and M=5, and the reconstruction filter size is chosen as 19 for error-free super-
resolution. The mean-square error (MSE) value between the original and the reconstructed
images defined as

SE - S S ki), P an
MSE = — x(i,j)=x(i, j
D52N1N2 i=0  j=0

is used as a measure to assess the estimation performance. When the method is run with the
defined parameters, the original image can be perfectly reconstructed with zero MSE. Now, the
factors that affect exact super-resolution will be investigated one by one.

0] The effect of the number of LR images on exact super-resolution:

While holding the other factors same (Ds=3, M=5, N=19), two simulations are performed for K=10
and K=9. The results are shown in Fig. 5. For K=10, the reconstructed image does not look very
different from the original one although the MSE is a little bit high. For K=9, visual artifacts are
visible and the MSE is too high.

In Fig. 6, the change of the signal to residual noise ratio (SRNR) with respect to the number of LR
images is given. By residual noise, we mean the noise that is still present (that could not be
removed) after the reconstruction of the HR image. SRNR is given by

Ds K M N Ds K M N
<4 >1 o0 <9 >1 00

3 9 3 5

5 5 25 10 5 37

2 7 43 3 7 73
3 5 3 5

6 5 13 11 5 19

7 23 7 37

TABLE 1: Minimum reconstruction filter size for exact super-resolution for different cases.
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Figure 5: The effect of the number of LR images. (a) Original image. (b) The result for K=10 (MSE=9.89).
(c) The result for K=9 (MSE=155.98).

300 T T T T T T T

@ @ ¢ ¢ @ ¢ ¢ %
2 4 5 5 10 12 1
K

FIGURE 6: The change of signal to residual noise ratio with respect to the number of LR images.
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For SRNR levels larger than 70 dB, perfect reconstruction is said to be achieved, because when
the estimated image is quantized, it is basically the same as the original image for such SRNR
levels. If the SRNR is smaller than 70 dB but larger than 30 dB, perfect reconstruction is not
achieved, but the estimated image does not contain visually disturbing artifacts. In Fig. 6, it can
be seen that perfect reconstruction of the original image is achieved for K=11 or larger. For K=10,
we do not have perfect reconstruction, but the estimated image is visually acceptable. For K=9 or
less, the SRNR is less than 30 dB, and the estimated image has visual artifacts. Although the
visual results are not shown here, increasing the size of the reconstruction filters improves the
visual quality when there are insufficient number of LR images.

(ii) The effect of the size of the reconstruction filters on exact super-resolution:

While holding the other factors unchanged (Ds = 3, M =5, K = 11), two simulations are performed
for N =15 and N = 11. The simulation results are shown in Fig. 7. For N = 15, the MSE is low,
and the visual difference between the original and estimated images can be seen only with a
careful examination. For N = 11, the MSE value is high and the estimated image has visual
degradations.
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FIGURE 7: The effect of the size of the reconstruction filters. (a) The result for N=15 (MSE=11.05). (b) The
result for N=11 (MSE=35.34).
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FIGURE 8: The change of SRNR with respect to the size of the reconstruction filters.
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FIGURE 9: The effect of linearly dependent blur functions. (a) The result for one linearly dependent blur
function (MSE=42.84). (b) The result for three linearly dependent blur functions (MSE=77.35).

In Fig. 8, the change of SRNR with respect to the reconstruction filter size is given. In accordance
with the theory, error-free super-resolution is accomplished when N=19 or larger. For N=17, 15
and 13, exact super-resolution is not attained, but the results are visually satisfactory. For N=11
or below, the SRNR is too low and the reconstructed image has visual artifacts. Hence, it can be
said that the threshold value for the reconstruction filter size specified by (12) can be tolerated to
some extend if there is a good reason to do that, i.e. to save some processing time.
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(iii) The effect of linear dependence of the blur functions on exact super-resolution:

While the other factors are same, two simulations are done for the cases of one or more blur
functions that are dependent on the others. In the first simulation, one of the blur functions is
linearly dependent on the others, while in the second simulation, three of them are dependent on
the others. The visual results are given in Fig. 9. The visual results show that degradation in the
estimated image starts even if the number of linearly independent blur functions is just one below
the necessary value. The images that have dependent blur functions do not provide the diversity
that is necessary for super-resolution. Having dependent blur functions is essentially the same as
having insufficient number of LR images.

(iv) The effect of additive noise on exact super-resolution:

The additive noise was assumed to be absent in all above analysis and simulations. Now, while
the other factors are the same, two simulations are performed for the case of additive noise. The
noise is added on the LR images such that the signal to noise ratio (SNR) is 60 dB in the first
experiment and 40 dB in the second experiment. The visual results are given in Fig. 10. The
result is visually good for 60 dB case while it is very disturbing for 40 dB additive noise. In Fig. 11,
the change of MSE versus additive noise SNR is given. After a point between 40-50 dB, a
significant increase in MSE is observed. This is expected because noise is not considered in the
analysis of Section 3. In [21], it is stated that increasing the filter size or the number of available
degraded images provides more robustness against noise. The result when the size of the
reconstruction filters is almost doubled and K is set to 13 is shown in Fig. 10(c). The MSE is
significantly dropped and the image is visually more pleasing. The extension of the analysis in
Section 3 to the noisy case is left as an open topic.

FIGURE 10: The effect of additive noise. (a) The result for SNR=60 dB (MSE=21.57). (b) The result for
SNR=40 dB (MSE=1474.13). (c) The result for SNR=40 dB, K=13, N=39 (MSE=47.12).
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FIGURE 11: The change of MSE versus SNR.
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(v) The effect of motion on exact super-resolution:

In this simulation, the effect of motion on super-resolution image reconstruction is investigated. In
the first simulation, four blur functions out of eleven is made the same. Normally, this will cause
trouble as shown in previous simulations. But the four LR images that are blurred by the same
four blur functions are shifted by different amounts before being fed to the algorithm. In this case,
the algorithm produced exact results with zero MSE. When the images are shifted in different
amounts, the combined motion-blur functions become linearly independent although the blur
operators are the same. In other words, the diversity which is necessary for the perfect
reconstruction can be achieved by the motion as well as by the linear independence of the blur
operators. Then the same simulation is performed for the case of nine similar blur functions and
corresponding shifted images, and the same result is observed.

In brief, the simulation results presented in this section practically prove the the analysis of the
existence-uniqueness conditions of the reconstruction filters for exact super-resolution. Besides,
they aim to add insight to the case when exact super-resolution is not possible. For instance,
increasing the reconstruction filter size improves the HR image quality when the number of LR
images is low or there is noise in the LR images.

6. CONCLUSION AND FUTURE WORK

In this work, the existence and uniqueness conditions for finite impulse-response restoration
filters for exact image super-resolution in the case of pure translational motion (or no motion) and
shift-invariant blur are investigated and derived. A method for exact reconstruction is proposed to
validate the analysis results. Experimental results demonstrate that as long as the conditions are
met, exact super-resolution is possible. If the necessary diversity is provided by the co-primeness
of the blur functions, motion is not necessary. When the exact reconstruction conditions are not
met, the quality of the estimated HR image is assessed and the conditions for acceptable super-
resolution are experimentally derived. When exact or acceptable recovery is jeopardized by
factors such as additive noise and insufficient number of LR images, increasing the size of the
reconstruction filters is found to be useful in increasing the quality of the result. Analyzing the
conditions and choosing the optimum parameters values in case of imperfections is left as a
future work.

The reconstruction method proposed is not intended to perform comparably with the well-known
super-resolution methods; its sole purpose is to provide a tool to verify the analysis results. It may
have practical importance when the conditions are near ideal: known blur functions, little additive
noise, sufficient number of LR images, etc. Mostly this is not the case in practice. Based on the
analysis about the reconstruction filters, study must be carried out on a more practical super-
resolution method that estimates the HR image directly from the LR images and works on more
noisy conditions.
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