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Require: We are given the matrix A, the vector b, and the error threshold ¢, for approxi-

mating the solution of (P0) : min ||z||, subjectto Az =10

Ensure: The proposed solution is 2% obtained after & iterations

E

10:

// Initialize

k=0,

The initial solution % = 0,

The initial residual 7* = b — A2° = b

The initial solution support S° = Support{z®} =0
// Main Iteration

Increment k& by 1 and perform the following steps:

/ISweep

: Compute the errors £(j) = min, ||a;z; — " ||; for all j using the optimal choice

27 = a]T*/ [layll;

//Update Support

Find a minimizer,j, of £(j) : V1 < j < m, (jo) < &(j), and update S* = S*~1 U
{Jo}-

//Update Provisional Solution

: Set % = 2", and update the entry z*(jo) = 2*(jo) + 2;

//Update Residual

Compute 7% = b — Azk = rk-1

- Z;'ko ajO
//Stopping Rule

If [|7*]|, < €0, stop. Otherwise, apply another iteration.
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Require: We are given the matrix A, the vector b, and the error threshold ¢, for approxi-

mating the solution of (P0) : min ||z||, subjectto Az =10

Ensure: The proposed solution is 2% obtained after & iterations

E

10:

// Initialize

k = 0, and set

The initial solution % = 0,

The initial residual 7* = b — A2° = b

The initial solution support S° = Support{z®} =0
//Main Iteration

Increment k& by 1 and perform the following steps:
/ISweep

: Compute the errors £(j) = min, ||a;z; — " ||; for all j using the optimal choice

2 = afr* 7 a5

//Update Support

Find a minimizer,jo ofz(j) : V5 ¢ S*1, €(jo) < &(j), andupdate S* = S*-1U{jo}.
//Update Provisional Solution

. Compute z*, the minimizer of || Az — b||5 subject to Support{z} = S*

//Update Residual:
Compute 7* = b — Az
//Stopping Rule

If HrkH2 < g9, stop. Otherwise, apply another iteration.

KSVD _3s, Y-Y

@ S 45 03 90 4sLA u;;,ahguv:i),ij\ i )l S KSVD ‘_:wﬁ\ Wl asbA 93,855 2 oS 55
eslitad OMP (2,801 51 S5 ales o185 KSVD Ljls Kemeans o258 b 5 o3 ol abasly s 02,801 a3

Jds 4 ax S .qw\&:,&gséuﬁ),ﬁlL;@gcﬂ,ﬁsjdwuﬁ&gwﬁ)}in ol OBl LS e

j&q&\)uvﬂKSVD @b 35,5 55 0 6l AL atils sl b Ol sl S o s > Coale

ahycd 03 03,8 555 Sl Lisdisn D5 Sy SIS Slajla e Kemeans s, 55 .S e 555 4 e sk

:V{)‘JQJMlJJ ("iﬂgu‘ C,\.:U‘JLAVS\

E=|Y - DX|} (¥-Y)



Y
i E_dkH Lo |ld]l, = o-Y
min | B - dak| sl (©-7)

SAS 0 352 50 by el e sle 03 0T Blne v oSl o osde KSVD .ol pl 5l 515 Ll KSVD (got|
..u\w;wum>,>u:iw)>(,:\w\;\(ler\fp)msx,)ggﬁjts%;udui,ﬂLé;:(.slﬁ;p;;,ﬁ,wm&
‘rﬁosm\uwéﬂjdiéo&jj)@ﬂ.s&aj\‘Ekwj’u‘sww):ﬁ\as.,\:;sgé.a\b\ Gt g S
S 5093031 5355 350 Sl T 5 Ay 5355 3554 3l A e Glyre 4 A dalE St w0l Sen o
.Qu}mp)uvs\@du%;wwmsnumE&ww,mhd\ ok 39 palie 5l oyl Jblie

Fd ) g0 & 5 i o3 e sen 93,5 555 4 (St
min || By, — dar||} (#-Yv)
d,CET

A € R™ M ol 5> g 5le (SVD) (S5 jlide g 4y 55 ST ¢ S ko o Cossl B oy 5ile V=35 By 55 B 58 (58l
el Ay = B0 0u0] S ypearr < min(n, m) & e sl plT-ad, cui ASL A =USVT &) pn

b dali Tl slaalys plas sl Jlazl 4 Al bl (b S Sl ol Wl o 550 Ll 3 oS IS0

ol Calls a)wiles S eslinal 55 Joles Hady SBIE flfﬁ oS 555 g0 oozl SIS 5l gs S e 4

S (6 4k 50 35 4 T 1o i b Slaals LS 3 5 ol 4 (Kemeans s uS slayls 53,8 5,2 LIS

5355 352 Sl b akies Culg s cwp = {00) < i <y ah(0) # o} oS i ym S sl ke o

(o T o ho b saalys s dy, o)

min | £ —da, ||} st |ld]y =) (v-)

S5 s 4 4525 SISl [wi| gk @ 60150 58 Tr 5 B 3w b Blze glapy g s Jalss B 0 s oS

di, — uy, 2k (wp) < oy (A-Y)
die 93,5 o5l 4 3L (ol ply (el A5 U (6ls (g 05 (37 45 S a5 Sl (S5l 0y 55,5 0y &S

sl ) - 4 K-means alice 55 KSVD apand ax s L8 0 555 4 5 ol 4 4B (slapd] (saen s

LV sss s el SVD (m) K Lol sl 4y oS

A



L1QP %5,

f-Y

s axkad a6l Il Caslods e3ls LES Y=Y v;win 35 codds oslial 59y cpl 3 [V] 53 &S LIQP s,
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Require: Dictionary M = F'D,, feature vector p = F'y for the solution of min %x’ Ax +

Vex+ Nzlandb=y, A=D;, x =

Ensure: Sparse prior 3

1:
2:

Finde the max value v,y and its index i, in abs(p)
Compue [ (imax) :

if(plimax) > A)  Blimax) = A — P(imax)

elseif (plima) < —N) Blimax) = — = Plimas)

: Find the idx of non-zero value in

get subM = M (idx,idx), subp = p(idzx), subf = B(idx)
Compute vect by subp and subf3, Be, by subM and vect

Check if all elements of 3,0, X subf > 0:
Yes, update 8 by Bpew and go step .

No, gostep4.

Compute the cost for 3., * subf < 0 and update 5.Then go back step3.
: Compute v = M [ + p, find vyax and i,y in abs(v).

Check if vax < Aif no, return step?2.
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Require: training dictionaries D;, and D;, a low-resolution image Y

Ensure: SR image X*
1: for each 3x3 patch y of Y, taken starting from the upper-left corner with 1 pixel
overlap in each direction, do
2:  compute the mean pixel value m of patch y
3:  Solve the optimization problem with D and ¢ defined in 8-3
4:  Generate the high-resolution patch + = Dpa* . Put the patch x 4+ m into a high-
resolution image X.
5: end for
6: Using gradient descent, find the closest image to X, which satisfies the reconstruction

constraint defined in 9-3
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Require: Initialize D with a Gaussian random matrix,with each column unit normalized

1: Fix D, update Z by Z = argminy | X — DZ||> + )| Z||, wich can be solved effi-
ciently through linear programming.

2: Fix Z,update D by D = argmin | X — DZ||> s.t. ||D;||5 < 1 which is a Quadrat-

ically constraint Quadratic Programming that is ready to be solved in many optimiz-

zation packages

3: Iterate between 1) and 2) until converge
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Require: Initialize D = {} set of selected atoms, S, = 0, r =Y while Sy, < Tisim,
1: Add the next best atom in L, sense to D
k
2: Find the optimal Ly-based coefficient(s) using > ¢;(D;, D;) = (y, D;), 1 <i <k

7j=1
3: Find the optimal SSIM-based coefficient(s) using

;= BCZ'

and

_ —Coty/C3+4(B—A)(02+Ch)
f= 2(B—A)
Update the residual r

A

: Find SSIM-based approximation a
Calculate S,,; = S(a,y)
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1: Dictionary Training Phase: trained high and low resolution dictionaries DJ; and Dy,

2: Reconstruction Phase:

* Sparse coding stage: use SSIM-optimal OMP to compute the representation
vectors «;; (for all the patches of low resolution image)

* High resolution patches reconstruction: Reconstruct high resolution patches by

DhOéij

3: Global Reconstruction: merge high-resolution patches by averaging over the over-

lapped region to create the high resolution image
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clear all; clc;

/4 read test image

im_1 = imread('Data/Testing/input.bmp');

/4 set parameters

lambda = 0.2; /% sparsity regularization

overlap = 4; /4 the more overlap the better (patch
size 5z5)

up_scale = 2; % scaling factor, depending on the
trained dictionary

maxIter = 20; 4 if 0, do mot use backprojection

% load dictionary
load('Dictionary/D_64_0.15_5.mat');

/% change color space, work on illuminance only
im_1_ycbcr = rgb2ycbcr(im_1);

im_1_y = im_1_ycber(:, :, 1);
im_1_cb = im_1_ycber(:, :, 2);
im_1_cr = im_1_ycbecr(:, :, 3);

/4 image super-resolution based on sparse representation
[im_h_y] = ScSR(im_1_y, 2, Dh, D1, lambda, overlap);

[im_h_y] = backprojection(im_h_y, im_1_y, maxIter);

/% upscale the chrominance simply by "bicubic"”

[nrow, ncol] = size(im_h_y);

im_h_cb = imresize(im_1_cb, [nrow, ncoll], 'bicubic');
im_h_cr = imresize(im_1_cr, [nrow, ncoll], 'bicubic');
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im_h_ycbcr = zeros([nrow, ncol, 3]); Y\
im_h_ycbecr(:, :, 1) = im_h_y; Yy
im_h_ycbecr(:, :, 2) = im_h_cb; Yy
im_h_ycbecr(:, :, 3) = im_h_cr; Yy
im_h = ycbecr2rgb(uint8(im_h_ycbcr)); Yo
A4
% bicubic interpolation for reference Yv
im_b = imresize(im_1, [nrow, ncol], 'bicubic') YA
Y4
/% read ground truth image ¥o
im = imread('Data/Testing/gnd.bmp'); ¥
fY
/% compute PSNR for the illuminance channel \Al
bb_rmse = compute_rmse (im, im_b); ¥¥
sp_rmse = compute_rmse(im, im_h); fo
A4
bb_psnr = 20%logl0(255/bb_rmse); A%
sp_psnr = 20%*x1logl0(255/sp_rmse) ; A
¥4
fprintf ('PSNR for Bicubic Interpolation: %f dB\n', bb_psnr); 0o
fprintf ('PSNR for Sparse Representation Recovery: %f dB\n', sp_psnr); O\
oY
/% show the images oy
figure, imshow(im_h); oY
title('Sparse Recovery'); 00
figure, imshow(im_b); Y4
title('Bicubic Interpolation'); ov
welbca) Colo (el YT asl
\
clear all; clc; close all; Y
addpath (genpath('RegularizedSC')); Y
¥
TR_IMG_PATH = 'Data/Training'; 0
9
dict_size = 1024; /% dictionary size \%
lambda = 0.15; /% sparsity regularization A
patch_size = 5; /% image patch size q
nSmp = 1000; /4 number of patches to sample Vo
upscale = 2 % upscaling factor W
Y
/% randomly sample image patches \Y
[Xh, X1] = rnd_smp_patch(TR_IMG_PATH, '*.bmp', patch_size, nSmp, VY
upscale) ;
\0
% prune patches with small wvariances, threshould chosen based on the \#
4 training data \\%
[Xh, X1] = patch_pruning(Xh, X1, 10); A
4
/4 joint sparse coding Yo
[Dh, D1] = train_coupled_dict(Xh, X1, dict_size, lambda,upscale); A
dict_path = ['Dictionary/D_' num2str(dict_size) '_' num2str(lambda) 'YV
num2str (patch_size) '.mat' ];
save(dict_path, 'Dh', 'D1l'); Yy

OA




function [x]=L1QP_FeatureSign_yang(lambda,A,b)

A
b

double (A);
double (b);

EPS = 1e-9;
zeros(size (A, 1), 1); Zcoeff

X=

grad=A*sparse (x)+b;
[ma mil=max(abs(grad) .*(x==0));

while true,

if grad(mi)>lambda+EPS,
x(mi)=(lambda-grad (mi))/A(mi,mi);

elseif grad(mi)<-lambda-EPS,
x(mi)=(-lambda-grad(mi))/A(mi,mi) ;

else
if all(x==0)
break;
end
end

while true,

a=x~=0; Jactive set

Aa=A(a,a);
ba=b(a);
xa=x(a) ;

Anew b based on unchanged sign

vect
x_new= Aa\vect;

-lambdax*sign(xa)-ba;

idx = find(x_new);
o_new=(vect (idx)/2 + ba(idx)) '*x_new(idx) + lambda*sum(abs(x_new( Y0

idx)));

#cost based on changing sign
s=find (xa.*x_new<=0) ;

if isempty(s)
x(a)=x_new;
loss=o0_new;
break;

end

X_min=x_new;

o_min=o_new;

d=x_new-xa;

t=d./xa;

for zd=s',
x_s=xa-d/t(zd);

x_s8(zd)=0; /Jmake sure it's zero
o_s=L1QP_loss(net,da,ba,z_s);

idx = find(x_s)
o_s = (Aa(idx,

’
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abs (x_s(idx)));

if o_s<o_min, oY
x_min=x_s; 0o
o_min=o_s; 0f
end ov
end OA
09
x(a)=x_min; Fo
loss=o_min; 4!
end £y
2y
grad=A*sparse(x)+b; 7f
70
[ma mi]l=max(abs(grad) .*(x==0)); a4
if ma <= lambda+EPS, 14
break; ZA
end #4q
end Vo
function [1lImFeal] = extr_1Im_fea( 1Im ) \
Y
[nrow, ncol] = size(1lIm); Y
f
1lImFea = zeros([nrow, ncol, 4]); 1)
#
% first order gradient filters \s
hfl1 = [-1,0,1]1; A
vfl = [-1,0,1]"'; q
Yo
1lImFea(:, :, 1) = conv2(lIm, hfl, 'same'); AN
1lImFea(:, :, 2) = conv2(lIm, vfl, 'same'); \Y
\Y
/% second order gradient filters VY
hf2 = [1,0,-2,0,1]1; \O
vf2 = [1,0,-2,0,1]"'; \Vd
WV
1ImFea(:, :, 3) = conv2(lIm,hf2, 'same'); A
lImFea(:, :, 4) = conv2(lIm,vf2, 'same'); 4
SCSngmUﬂ:OJ‘MUﬂ
function [hIm] = ScSR(1Im, up_scale, Dh, D1, lambda, overlap) \
Y
% mormalize the dictionary Y
norm_D1 = sqrt(sum(Dl.72, 1)); ¥
D1 = Dl1./repmat(norm_D1, size(D1l, 1), 1); )
9
patch_size = sqrt(size(Dh, 1)); v
A

% bicubic interpolation of the low-resolution image
mIm = single(imresize(1Im, up_scale, 'bicubic'));

o

— — o
— o




hIm = ze
cntMat =

[h, w]

/ extrac
1lImfea =

4 patch
gridx =
gridx =
gridy
gridy

A = D1'*
cnt = 0;

% loop t
for ii =
for

ros(size(mIm));
zeros (size (mIm));

size(mIm) ;

t low-resolution image features
extr_1Im_fea(mIm);

indexzes for sparse recovery (avoid boundary)

3:patch_size - overlap : w-patch_size-2;
[gridx, w-patch_size-2];
3:patch_size - overlap : h-patch_size-2;

[gridy, h-patch_size-2];

D1;

o recover each low-resolution patch
1:1length(gridx),
jj = 1:length(gridy),

cnt = cnt+1;
xx = gridx(ii);
yy = gridy(jj);

mPatch = mIm(yy:yy+patch_size-1, xx:xx+patch_s
mMean = mean (mPatch(:));

mPatch = mPatch(:) - mMean;

mNorm = sqrt(sum(mPatch.”2));

mPatchFea = 1lImfea(yy:yy+patch_size-1, xx:xx+p
mPatchFea mPatchFea(:);
mfNorm = sqrt(sum(mPatchFea."2));

if mfNorm > 1, 5222
y = mPatchFea./mfNorm;
else
y = mPatchFea;
end
b = -D1'x*xy;

/% sparse recovery
w = L1QP_FeatureSign_yang(lambda, A, b);

/% generate the high resolution patch and scale
hPatch Dh*w;
hPatch lin_scale(hPatch, mNorm) ;

hPatch = reshape(hPatch, [patch_size, patch_si
hPatch hPatch + mMean;

hIm(yy:yy+patch_size-1, xx:xx+patch_size-1) =
patch_size-1, xx:xx+patch_size-1) + hPatch;

cntMat (yy:yy+patch_size-1, xx:xx+patch_size-1)
patch_size-1, xx:xx+patch_size-1) + 1;
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end 44
end 14
ZA
Z fill in the empty with bicubic interpolation £9
idx = (cntMat < 1); Vo
hIm(idx) = mIm(idx); v
VY
cntMat (idx) = 1; (A
hIm = hIm./cntMat; V¥
hiIm = uint8(hIm); Vo
b 5y gel (gasl p 18T aals
function [Dh, D1] = train_coupled_dict(Xh, X1, dict_size, lambda, \
upscale)
Y
addpath (genpath('RegularizedSC')); Y
¥
hDim = size(Xh, 1); o
1Dim = size (X1, 1); b4
\
/% should pre-normalize Xh and X1 ! A
hNorm = sqrt(sum(Xh."2)); q
1Norm = sqgrt(sum(X1.72)); Yo
Idx = find( hNorm & 1Norm ); )
VY
Xh = Xh(:, Idx); Y
X1 = X1(:, Idx); VY
\O
Xh = Xh./repmat(sqrt(sum(Xh."2)), size(Xh, 1), 1); \§
X1 = X1./repmat(sqrt(sum(X1.72)), size(X1, 1), 1); )%
A
4 joint learning of the dictionary 4
X = [sqrt(hDim)*Xh; sqrt(1lDim)=*X1]; Yo
Xnorm = sqrt(sum(X."2, 1)); Y\
Yy
clear Xh X1; Yy
Y¥
X = X(:, Xnorm > le-5); YO
X = X./repmat (sqrt(sum(X.”2, 1)), hDim+1Dim, 1); \t4
Yv
idx = randperm(size (X, 2)); YA
Y4
4 dictiomary training Yo
[D] = reg_sparse_coding(X, dict_size, [], 0, lambda, 40); Y\
vy
Dh = D(1:hDim, :); Yy
D1 = D(hDim+1:end, :); Y'Y
Yo
4 mnormalize the dictionary Ys
% Dh = Dh./repmat (sqrt(sum(Dh. 2, 1)), hDim, 1); v
% Dl = Dl./repmat (sqrt(sum(Dl. 2, 1)), 1Dim, 1); YA
Y4
patch_size = sqrt(size(Dh, 1)); Yo
¥

Y




dict_path = ['Dictionary/D_' num2str(dict_size) '_' num2str(lambda) '_¥¥

num2str (patch_size) '_s' num2str(upscale) '.mat' ];
save(dict_path, 'Dh', 'D1l'); ¥y
function [HP, LP] = sample_patches(im, patch_size, patch_num, upscale)
Y
if size(im, 3) == 3, Y
hIm = rgb2gray(im); ¥
else o
him = im; 4
end \
A
/4 generate low resolution counter parts q
1Im = imresize(hIm, 1/upscale, 'bicubic'); \o
1Im = imresize(lIm, size(hIm), 'bicubic'); AN
[nrow, ncol] = size(hIm); \Y
Y
x = randperm(nrow-2*patch_size-1) + patch_size; \¥
y = randperm(ncol-2*patch_size-1) + patch_size; \0
\#
[X,Y] = meshgrid(x,y); WV
A
xrow = X(:); V4
ycol = Y(:); Yo
AR
if patch_num < length(xrow), YY
xrow = xrow(l:patch_num); Yy
ycol = ycol(l:patch_num); YY
end YO
Y$
patch_num = length(xrow); Yv
YA
hIm = double(hIm); Y4a
1Im = double(1lIm); Yo
AR
H = zeros(patch_size™2, length (xrow)); Yy
L = zeros (4*xpatch_size™2, length (xrow)); Y'Y
Y¥
/% compute the first and second order gradients Yo
hfl = [-1,0,1]; vs
vil = [-1,0,1]"'; v
YA
1ImG11 = conv2(lIm, hfl,'same'); Y4
1ImG12 = conv2(1lIm, vfl, 'same'); fo
¥
hf2 = [1,0,-2,0,1]; \A)
vi2 = [1,0,-2,0,1]"; v
A
1ImG21 = conv2(lIm,hf2, 'same'); ¥0
1ImG22 = conv2(lIm,vf2, 'same'); ¥¢
v
for ii = 1:patch_num, YA
row = xrow(ii); ¥4
col = ycol(ii); Oo
0y

Y



Hpatch =

Lpatchil
Lpatch2
Lpatch3
Lpatch4

Lpatch =
Lpatch

HP(:,ii)
LP(:,ii)
end

hIm(row:row+patch_size-1,col:col+patch_size-1); oy
oy

1ImG1l1l(row:row+patch_size-1,col:col+patch_size-1); o¥f

1ImG12(row:row+patch_size-1,col:col+patch_size-1); 00

1ImG21 (row:row+patch_size-1,col:col+patch_size-1); o

1ImG22 (row:row+patch_size-1,col:col+patch_size-1); ov

OA

[Lpatch1(:),Lpatch2(:),Lpatch3(:),Lpatch4(:)]; 04
Lpatch(:); [
4

= Hpatch(:)-mean(Hpatch(:)); 7Y
= Lpatch; Y
7Y

function [Xh,

X1] = rnd_smp_patch(img_path, type, patch_size, num_patch

, upscale)

Y
img_dir = dir(fullfile(img_path, type)); Y
¥
Xh = [1; 0
X1 = [1; 4
\
img_num = length(img_dir); A
nper_img = zeros(l, img_num); q
Yo
for ii = 1:length(img_dir), 1)
im = imread(fullfile(img_path, img_dir(ii).name)); \Y
nper_img(ii) = prod(size(im)); \Y
end V¥
VO
nper_img = floor(nper_img*num_patch/sum(nper_img)); \#
A\
for ii = 1:img_num, A
patch_num = nper_img(ii); 4
im = imread(fullfile(img_path, img_dir(ii).name)); Yo
[H, L] = sample_patches(im, patch_size, patch_num, upscale); Y
Xh = [Xh, HI; YY
X1 = [X1, LI1; Yy
end Yy
YO
patch_path = ['Training/rnd_patches_' num2str(patch_size) '_' num2str{’

num_patch) '_s' num2str(upscale) '.mat'l;
save (patch_path, 'Xh', 'X1'); Yv

A
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