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ABSTRACT 

A method and apparatus is disclosed herein for a quality 
enhancement/Super resolution technique. In one embodi 
ment, the method comprises receiving a first version of media 

Appl. No.: 12/140,829 at a first resolution and creating a second version of the media 
at a second resolution higher or equal to the first resolution 

Filed: Jun. 17, 2008 using at least one transform and adaptive thresholding. 
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IMAGE/VIDEO QUALITY ENHANCEMENT 
AND SUPER-RESOLUTION USING SPARSE 

TRANSFORMATIONS 

PRIORITY 

0001. The present patent application claims priority to and 
incorporates by reference the corresponding provisional 
patent application Ser. No. 60/955,433, titled, “Super-Reso 
lution Using Sparse Transformations. filed on Aug. 13, 2007. 

FIELD OF THE INVENTION 

0002 The present invention relates generally to image/ 
Video signal processing. More particularly, the present inven 
tion is related to enhancing the quality of and/or increasing 
the spatial resolution of image/video signals. 

BACKGROUND OF THE INVENTION 

0003 Image and video signal processing is widely used in 
a number of applications today. Often a need arises for an 
image or video of a particular resolution and only an image or 
video of a lower resolution is available. In such a case, there 
are a number of methods that are used to use the lower 
resolution version to create an image of higher resolution. 
These existing methods include applying linear or simple 
non-linear interpolation filters to the lower resolution image 
or video. 
0004 Examples of the use of linear or non-linear interpo 
lation filters include a bilinear interpolation filter such as 
described in Gonzalez, & Woods, “Digital Image Processing, 
Pearson Education, 2" Edition; a linear interpolation filter 
described in ITU-T Recommendation H.264 & ISO/IEC 
14496-10 (MPEG-4) AVC, “Advanced Video Coding for 
Generic Audiovisual Services, version 3: 2005; and a non 
separable interpolation filter described in Vatis & Ostermann, 
“Locally Adaptive Non-Separable Interpolation Filter for 
H.264/AVC, IEEE ICIP, October 2006. However, each of 
these three techniques is applicable on image/video frames 
that have Smoothly varying pixel values. This is because they 
are derived using Smooth image models and the filters are 
typically restricted to lowpass filters. Thus, they are not appli 
cable on many types of regions. Such as on Slant edges, 
textures etc. Furthermore, at least with respect to ITU-T Rec 
ommendation H.264 and Vatis & Ostermann, the techniques 
are applicable only in a video compression application where 
previous frame(s) shifted by a fraction of pixel is/are used to 
predict the current frame. 
0005 Also, very simple transform-based methods exist 
for increasing the resolution of an image/video, but require a 
large number of iterations. One Such example is described in 
Guleryuz, "Predicting Wavelet Coefficients Over Edges 
Using Estimates Based on Nonlinear Approximants'. Proc. 
Data Compression Conference, April 2004. However, this 
technique is limited to block transforms with various simpli 
fications that are not applicable on Slant edges and textures 
and involves many iterations of a basic method to get good 
quality and the complexity is prohibitively expensive. 

SUMMARY OF THE INVENTION 

0006. A method and apparatus is disclosed herein for a 
quality enhancement/super resolution technique. In one 
embodiment, the method comprises receiving a first version 
of media at a first resolution and creating a second version of 
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the media at a second resolution higher or equal to the first 
resolution using at least one transform and adaptive thresh 
olding. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007. The present invention will be understood more fully 
from the detailed description given below and from the 
accompanying drawings of various embodiments of the 
invention, which, however, should not be taken to limit the 
invention to the specific embodiments, but are for explanation 
and understanding only. 
0008 FIG. 1A is a flow diagram of one embodiment of a 
process for performing quality enhancement/Super-resolu 
tion of media. 
0009 FIG. 1B is a block diagram of a system that illus 
trates an application scenario of one embodiment of the qual 
ity enhancement/Super-resolution technique for compressed 
videos. 
0010 FIG. 1C is a block diagram of a system that illus 
trates an application scenario of one embodiment of the qual 
ity enhancement/Super-resolution technique for uncom 
pressed videos. 
0011 FIG. 2 is a flow diagram of one embodiment of a 
process for enhancing quality and/or increasing resolution. 
0012 FIG. 3 is a flow diagram of one embodiment of an 
upsampling process. 
0013 FIGS. 4A-4M illustrate examples of masks that cor 
respond to a library of sub-frame types. 
0014 FIG. 5 shows an example sub-frame Z, at pixel i 
when pixels are numbered in raster-scan order. 
0015 FIG. 6 is a flow diagram of one embodiment of 
Sub-frame selection processing. 
0016 FIG. 7 is a flow diagram of one embodiment of a 
transform selection process for a Sub-frame. 
0017 FIG. 8 is a flow diagram of one embodiment of a 
thresholding process for thresholding transform coefficients. 
0018 FIG. 9 illustrates a monotonic decreasing stair-case 
function. 
0019 FIG. 10 is a flow diagram of one embodiment of a 
process for combining Sub-frames to form a frame. 
0020 FIG. 11 is a dataflow diagram of one embodiment of 
a data consistency operation. 
0021 FIG. 12 is a block diagram of an exemplary com 
puter system. 
(0022 FIGS. 13 A-E illustrate sample subsets of selected 
pixels. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

0023. An enhancement technique to enhance the quality of 
Video and/or images is described. In one embodiment, the 
technique also acts as a Super-resolution technique to gener 
ate a high-resolution image and/or video corresponding to a 
low-resolution input image and/or video, respectively. In one 
embodiment, this is accomplished by adding multiple pixel 
positions for each pixel position in the low-resolution image 
and/or video. For purposes herein, the pixel positions that are 
added are known as interpolated positions and the positions 
that come from the low-resolution image are known as origi 
nal positions. 
0024. In the following description, numerous details are 
set forth to provide a more thorough explanation of the 
present invention. It will be apparent, however, to one skilled 
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in the art, that the present invention may be practiced without 
these specific details. In other instances, well-known struc 
tures and devices are shown in block diagram form, rather 
than in detail, in order to avoid obscuring the present inven 
tion. 
0025. Some portions of the detailed descriptions which 
follow are presented in terms of algorithms and symbolic 
representations of operations on data bits within a computer 
memory. These algorithmic descriptions and representations 
are the means used by those skilled in the data processing arts 
to most effectively convey the substance of their work to 
others skilled in the art. An algorithm is here, and generally, 
conceived to be a self-consistent sequence of steps leading to 
a desired result. The steps are those requiring physical 
manipulations of physical quantities. Usually, though not 
necessarily, these quantities take the form of electrical or 
magnetic signals capable of being stored, transferred, com 
bined, compared, and otherwise manipulated. It has proven 
convenient at times, principally for reasons of common 
usage, to refer to these signals as bits, values, elements, sym 
bols, characters, terms, numbers, or the like. 
0026. It should be borne in mind, however, that all of these 
and similar terms are to be associated with the appropriate 
physical quantities and are merely convenient labels applied 
to these quantities. Unless specifically stated otherwise as 
apparent from the following discussion, it is appreciated that 
throughout the description, discussions utilizing terms such 
as “processing or “computing or “calculating or “deter 
mining” or “displaying or the like, refer to the action and 
processes of a computer system, or similar electronic com 
puting device, that manipulates and transforms data repre 
sented as physical (electronic) quantities within the computer 
system's registers and memories into other data similarly 
represented as physical quantities within the computer sys 
tem memories or registers or other Such information storage, 
transmission or display devices. 
0027. The present invention also relates to apparatus for 
performing the operations herein. This apparatus may be 
specially constructed for the required purposes, or it may 
comprise a general purpose computer selectively activated or 
reconfigured by a computer program stored in the computer. 
Such a computer program may be stored in a computer read 
able storage medium, Such as, but is not limited to, any type of 
disk including floppy disks, optical disks, CD-ROMs, and 
magnetic-optical disks, read-only memories (ROMs), ran 
dom access memories (RAMs), EPROMs, EEPROMs, mag 
netic or optical cards, or any type of media Suitable for storing 
electronic instructions, and each coupled to a computer sys 
tem bus. 
0028. The algorithms and displays presented herein are 
not inherently related to any particular computer or other 
apparatus. Various general purpose systems may be used with 
programs in accordance with the teachings herein, or it may 
prove convenient to construct more specialized apparatus to 
perform the required method steps. The required structure for 
a variety of these systems will appear from the description 
below. In addition, the present invention is not described with 
reference to any particular programming language. It will be 
appreciated that a variety of programming languages may be 
used to implement the teachings of the invention as described 
herein. 

0029. A machine-readable medium includes any mecha 
nism for storing or transmitting information in a form read 
able by a machine (e.g., a computer). For example, a machine 
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readable medium includes read only memory (“ROM); 
random access memory (RAM); magnetic disk storage 
media; optical storage media; flash memory devices; electri 
cal, optical, acoustical or other form of propagated signals 
(e.g., carrier waves, infrared signals, digital signals, etc.); etc. 

Overview 

0030) Fast and high performance quality enhancement 
and/or Super-resolution techniques for media (e.g., images, 
Videos, etc.) are disclosed. These techniques allow the ren 
dering of high-quality and high-resolution (if necessary) 
media (e.g., images, videos, etc.) from low-quality, low-reso 
lution images and videos. In one embodiment, these tech 
niques enable high-quality Super-resolution reconstruction 
(Zooming) of video sequences. 
0031. In one embodiment, as a super-resolution technique, 
a higher resolution of media is created using warped trans 
forms and adaptive thresholding. Forwarped transforms, the 
transform is warped to align with an edge, resulting in a sparse 
representation on directional edges and corners. The use of 
warped transforms results in increased sharpness along direc 
tional edges and corners when compared to prior art technolo 
gies. In one embodiment, warped transforms are selected, 
based on local edge direction, to render the highest quality 
output video. This selection may occur independently at 
every pixel or together for a block of pixels. Example block 
sizes are 2x2, 3x3, 4x4, 2x4, 4x2, etc. 
0032. The use of spatially adaptive thresholds enables 
modulation of the threshold according to the local signal 
statistics, which allows achieving very high quality with sim 
ply two iterations. This is far less that some prior art tech 
niques that requires 10's of iterations to achieve similar qual 
ity. 
0033 FIG. 1A is a flow diagram of one embodiment of a 
process for performing quality enhancement/Super-resolu 
tion reconstruction of media. The process is performed by 
processing logic that may comprise hardware (circuitry, dedi 
cated logic, etc.), Software (such as is run on a general purpose 
computer system or a dedicated machine), or a combination 
of both. 
0034 Referring to FIG.1A, the process begins by process 
ing logic receiving a first version of media (e.g., an image, a 
video, etc.) at a first resolution (processing block 130). After 
receiving the first version of the media, processing logic 
creates a second version of the media at a second resolution 
higher than or equal to the first resolution using at least one 
warped transform and adaptive thresholding (processing 
block 131). In one embodiment, the creation of the second 
version occurs as a result of an iterative process. In one 
embodiment, the iterative process only goes through two 
iterations. 

0035. In one embodiment, creating a second version of the 
media is performed by applying the at least one warped trans 
form (e.g., a 2-D separable DCT) to a sub-frame to create 
transform coefficients. In one embodiment, the method 
includes selecting Sub-frames adaptively in an image created 
by upsampling the first version of the media, Such that apply 
ing the warped transform to a Sub-frame to create transform 
coefficients comprises applying a transform to each of the 
selected Sub-frames in the image. In one embodiment, the 
Sub-frames are adaptively selected at each pixel in the image. 
0036. In one embodiment, the adaptive thresholding 
includes application of spatially adaptive thresholds, and cre 
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ating the second version of the media comprises computing 
an adaptive threshold and thresholding transform coefficients 
with the adaptive thresholds. 
0037. In one embodiment, the super-resolution technique 
includes selecting a 2-D filter and upsampling the input 
image/video frame using the 2-D filter, selecting a Sub-frame 
starting at any pixel of the upsampled frame and, at each pixel 
in the upsampled frame, forming a Sub-frame and applying a 
pixel-adaptive warped transform on the Sub-frame; deriving a 
detail-preserving adaptive threshold for each sub-frame and 
thresholding the transform coefficients of this sub-frame 
using hard thresholding (e.g., set to Zero if magnitude of 
transform coefficients is less than the threshold) or other 
methods such as soft-thresholding, and applying an inverse 
transform to the thresholded transform coefficients to form 
processed Sub-frames; performing a combination operation 
on the processed sub-frames to obtain a betterestimate of the 
upsampled frame; and optionally performing a correction 
operation on the upsampled frame to achieve data consistency 
between the upsampled frame and input frame. These opera 
tions constitute one iteration and produce a Super-resolution 
estimate. In one embodiment, the operations from Sub-frame 
selection to correction are repeated to further refine the Super 
resolution estimate. 

0038. In one embodiment, the quality enhancement tech 
nique includes selecting a Sub-frame starting at any pixel of 
the input image/video frame and, at each pixel in the input 
frame, forming a Sub-frame and applying a pixel-adaptive 
warped transform on the sub-frame; deriving a detail-preserv 
ing adaptive threshold for each Sub-frame and thresholding 
the transform coefficients of this sub-frame using hard thresh 
olding (e.g., set to Zero if magnitude of transform coefficients 
is less than the threshold) or other methods such as soft 
thresholding, and applying an inverse transform to the thresh 
olded transform coefficients to form processed sub-frames: 
performing a combination operation on the processed Sub 
frames to obtain an enhanced quality version of the input 
frame. These operations constitute one iteration and produce 
an enhanced quality estimate. In one embodiment, the entire 
process is repeated to further enhance the quality. 
0039. In one embodiment, the techniques described herein 
increase resolution by arbitrary factors. That is, the use of the 
Super-resolution technique is not limited to integer multiples 
(e.g., 2x, 3x, etc.) for an increase in resolution. The Super 
resolution technique can increase resolution by any factor 
(e.g., 1.2x, 1.5x, 2.6.x, etc.). 
0040. In one embodiment, the techniques described herein 
are applied to compressed/uncompressed image/video sig 
nals with or without the help of side-information. FIG. 1B is 
a block diagram of a system that illustrates an application 
scenario of one embodiment of the techniques described 
herein for compressed videos. Each of the blocks may com 
prise hardware (circuitry, dedicated logic, etc.), Software 
(such as is run on a general purpose computer system or a 
dedicated machine), or a combination of both. Referring to 
FIG. 1B, low resolution (LR) camera 101 captures low-reso 
lution image/video which is sent to a video/image encoder 
102 for compression. The encoded video is transported in 
space and/or time using a communication platform 103 and 
sent to a video/image decoder 104 for decompression. The 
decoded video 113 is sent to super-resolution generator and/ 
or video quality enhancer 105 for processing described 
herein. The output of Super-resolution generator and/or video 
quality enhancer 105 is sent to a display such as LR display 
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106 or high resolution (HR) display 107. In one embodiment, 
LR camera 101 and encoder 102 send camera side-informa 
tion 110 and encoder side-information 111 (shown as dashed 
lines), which are combined to form side-information 112, that 
can be used by Super-resolution generator and/or video qual 
ity enhancer 105. The side-information may consist of any of 
the parameters (e.g., information about LR camera 101 (e.g., 
lens type), quantization step size, etc.) or choice/mode deci 
sions for the quality enhancement and Super-resolution tech 
niques. For example, certain side-information may help 
determine which interpolation technique should be used. The 
side-information may include default settings. In this manner, 
the side-information allows the techniques described herein 
to be customized to different settings. In one embodiment, 
side-information is a vector of values, which represent the 
different choices. One simple way to signal the side-informa 
tion is as follows: let OP denote the vector representing side 
information. Each choice is signaled using two elements in 
the vector. For the nth choice, 

O. choice is not Signalled 
OP(2: n - 1) = 1, choice is Signalled 

and OP(2*n)-value representing the choice. OP(2*n) needs 
to be set and is used only when OP(2*n-1)=1. 
0041 FIG. 1C is a block diagram of a system that illus 
trates an application scenario of one embodiment of the tech 
niques described hereinfor uncompressed videos. Each of the 
blocks may comprise hardware (circuitry, dedicated logic, 
etc.), software (such as is run on a general purpose computer 
system or a dedicated machine), or a combination of both. 
Referring to FIG. 1C, LR camera 101 captures a low-resolu 
tion image/video which is sent to Super-resolution generator 
and/or video quality enhancer 105 for processing described 
herein. The output of Super-resolution generator and/or video 
quality enhancer 105 is sent to a display such as LR display 
106 or HR display 107. In one embodiment, LR camera 101 
sends side-information 121 (shown as dashed line) that can be 
used by Super-resolution generator and/or video quality 
enhancer 105. The side-information may consist of any of the 
parameters (e.g., information about LR camera 101) or 
choice/mode decisions for the quality enhancement and 
Super-resolution techniques as described above. As discussed 
above, the side-information allows the quality enhancement 
and Super-resolution techniques to be customized to different 
Settings. 

One Embodiment of the Quality Enhancement/Super-Reso 
lution Technique 

0042 FIG. 2 is a flow diagram of one embodiment of a 
process for performing quality enhancement and increasing 
resolution. The process is performed by processing logic that 
may comprise hardware (circuitry, dedicated logic, etc.), soft 
ware (such as is run on a general purpose computer system or 
a dedicated machine), or a combination of both. 
0043 Referring to FIG. 2, X denotes the input image/video 
frame of low resolution (LR). In one embodiment, all image/ 
Video frames are represented as vectors by arranging the 
pixels in raster scan order. Alternatively, the data can be 
represented and/or stored as a vector, matrix, or in any other 
format. 
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0044. Initially, processing logic upsamples input frame X 
to obtain upsampled frame y (processing block 201). The 
upsampling may be performed using an upsampling 2-D filter 
chosen to derive the upsampled version (y) of input frame X. 
FIG. 3 illustrates one embodiment of the upsampling process 
and will be described in more detail below. Note that this 
operation is optional when using the techniques described 
herein for quality enhancement. When this operation is not 
performed, framey is set to be equal to frame X. 
0045. After upsampling the input frame X to obtain 
upsampled framey, processing logic selects a subframe Z, for 
each pixel i=1:N, with pixel i as a pivot (processing block 
202). N represents the number of pixels in y. In this embodi 
ment, a Sub-frame is formed and processed for each pixel in 
the image. However, in another embodiment, the processing 
may be performed only on a selected subset of the pixels and 
not on all the pixels in the image. The Subset may be prede 
termined or signaled as part of the side-information. FIGS. 
13 A-E illustrate examples of such subsets; other subsets may 
be used with the teachings described herein. 
0046. After selecting the sub-frame Z, with pixel i as a 
pivot, processing logic selects a transform H, and computes 
coefficients d, by applying the transform H, on Sub-frame Z, 
(processing block 203). In one embodiment, the transform is 
a 2-D DCT. In another embodiment, the transform is a 2-D 
Hadamard transform. The master threshold is an input which 
can be used to select the transform. 
0047. After generating coefficients d, processing logic 
applies a master threshold Ton coefficients d, to obtain d. 
computes an adaptive threshold T, and applies the adaptive 
thresholdT, on coefficients d, to adaptively threshold them to 
obtain d (processing block 204). Processing logic then 
applies an inverse transform H, to thresholded coefficient d, 
to obtain processed sub-frame 2, (processing block 205). 
0048 Next, processing logic combines all the processed 
Sub-frames Zy corresponding to all pixels in a weighted 
fashion to form frame y (processing block 206). Then pro 
cessing logic performs a data consistency step on frame y to 
get framey (processing block 207). The data consistency step 
is defined as: 

0049 Processing logic computes y such that the down 
sampling of y'gives input frame X. Note that this operation is 
optional when using the techniques described hereinfordual 
ity enhancement. When this operation is not performed, 
frame y' is set to be equal to framey. 
0050. Afterwards, processing logic determines whether 
more iterations are needed (processing block 208). In one 
embodiment, the number of iterations is 2. The actual number 
of iterations can be signaled as part of the side-information. If 
So, the process transitions to processing block 220 where 
processing logic computes a new master threshold Tand sets 
framey equal to y' (processing block 211), and thereafter the 
process transitions to processing block 202. If processing 
logic determines that no more iterations are necessary, the 
process transitions to processing block 209 where processing 
logic outputs frame y' and the process ends. Note that in one 
embodiment, the linear interpolation operation of processing 
block 201 and data consistency operation of processing block 
206 are optional. If the linear interpolation operation is not 
performed, (e.g., by disabling the linear interpolation mod 
ule), the output resolution of the video/image is the same as 
the input resolution. Thus, under this embodiment, the quality 
of the video/image is enhanced, but there is no Super-resolu 
tion. 
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The Upsampling Process 
0051. The upsampling filter can be chosen in a variety of 
ways to reverse the lowpass filtering caused either by a down 
sampling operation or due to physical limitations of the input 
device. Where the input device is a camera, these may 
include, but not limited to, native resolution, optical focus and 
shutter speed. In one embodiment, this lowpass filtering is 
modeled as an arbitrary finite-tap filter or as the LL band of a 
wavelet filter such as, for example, a Daubechies or Le Gall 
wavelet. In one embodiment, the lowpass filter is modeled as 
Daubechies 7/9 wavelet and the corresponding inverse wave 
let filter is used to obtain framey. Note that embodiments of 
the present invention are not limited to upsampling filters 
derived using these methods. Modules that can increase the 
resolution of an image/video can be used, including, but not 
limited to, any upsampling filters such as bilinear, bicubic, 
and H.264 interpolation filters. 
0.052 The parameters that define the lowpass filter and/or 
the upsampling filter can be included in the side-information 
(e.g., side information 112, side information 121, etc.). 
0053. In one embodiment, when the lowpass filter is mod 
eled as a wavelet filter (LL band), the upsampling filter is the 
inverse wavelet filter, and when the lowpass filter is modeled 
as an arbitrary finite-tap filter, the upsampling filter is the 
Wiener filter that is optimal in the MSE between an original 
frame and the frame obtained by passing the original frame 
through the lowpass and upsampling filters consecutively. In 
one embodiment, the optimal filter depends on the original 
frame and is signaled independently for each pixel using 
side-information. 
0054. In one embodiment, the input framex is upsampled 
and filtered using either an inverse wavelet filter or a pixel 
adaptive Wiener filter to obtain frame y. FIG. 3 is a flow 
diagram of one embodiment of an upsampling process. The 
process is performed by processing logic that may comprise 
hardware (circuitry, dedicated logic, etc.), Software (such as is 
run on a general purpose computer system or a dedicated 
machine), or a combination of both. 
0055 Referring to FIG. 3., using the parameters of a low 
pass filter, processing logic determines whether the low pass 
filter is modeled as the LL band of the wavelet filter (process 
ing block301). This allows the processing logic to classify the 
low pass filter as a wavelet filter or not. If processing logic 
determines that the lowpass filter is a wavelet filter, process 
ing logic upsamples the input framex with upsampler 311 and 
applies an inverse wavelet filter to input frame X to obtain 
frame y (processing block 303). If processing logic deter 
mines the lowpass filter is not a wavelet filter, processing 
logic upsamples the input frame X with upsampler 310 and 
applies a pixel-adaptive Wiener filter to input frame X to 
obtain framey (processing block 302). 

The Sub-Frame Selection Process 

0056. After the upsampling process is complete and frame 
y has been obtained, the Sub-frame selection process of pro 
cessing block 202 of FIG. 2 begins. A sub-frame type S is 
defined as an Mix1 integer-valued vector. For purposes 
herein, M can be any integer greater than Zero. {S', S', S', .. 
... } is a library of sub-frame types. For each selected pixel i in 
frame y where pixels are numbered in raster-scan order, a 
Sub-frame types, is selected from the library and a vectorp, is 
formed as p, six1, where 1 is an Mix1 vector with all 
elements equal to 1. In one embodiment, for pixels that are not 
selected, p, is a vector of zeros. An Mx1 vector Z, called a 
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sub-frame is formed with pixel values of framey at locations 
corresponding to elements of p. Pixel i is called the pivot for 
sub-frame Z. FIG. 5 shows an example sub-frame Z, at pixel i 
when pixels are numbered in raster-scan order. Referring to 
FIG. 5, the raster-scan ordering of pixels occurs by number 
ing pixels starting from “1” in that order. A sub-frame is 
shown pivoted at pixel i. A sub-frame is organized into M 
vectors called warped rows. The first warped row has the 
sub-frame elements 1 to M in that order; the second warped 
row has the elements (M-1) to 2M; and so on. 
0057. In one embodiment, M is equal to 4 and the library 
of sub-frame types correspond to a set of masks illustrated in 
FIGS. 4A-4M. Referring to FIGS.4A-4M, with this library of 
Sub-frames, the masks correspond to different directions as 
shown with arrows. The mask in FIG. 4A is referred to herein 
as a regular mask because it corresponds to the regular hori 
Zontal or vertical directions. The other masks are called direc 
tional masks since they correspond to non-trivial directions. 
The differential-position (S2) of a pixel (a top) in a mask is 
defined as S2=C+WXC, where W is the width of framey. C. 
is the number of columns one needs to move horizontally to 
the right starting from the column of pixel a to get to the 
column of the current pixel of interest. C is the number of 
rows one needs to move vertically down starting from the row 
of pixel a to get to the row of the current pixel of interest. For 
example, in the case of the mask in FIG. 4H, pixel 'c' has 
C-1 and C-2. The Sub-frame type corresponding to a 
mask is the vector containing the differential-positions of 
pixels in that mask ordered from a to p’. 
0.058. In one embodiment, the choice of the sub-frame 
type for a pixel is made by choosing the Sub-frame type 
corresponding to the regular mask always. In another 
embodiment, the choice of the sub-frame type for a pixel is 
made, for each selected pixel, (1) by evaluating, for each 
sub-frame type, a 2-D DCT over the sub-frame formed, and 
(2) by choosing, for a given threshold T, the Sub-frame type 
that minimizes the number of non-zero transform coefficients 
with magnitude greater than T. In yet another embodiment, 
the choice of the sub-frame type for a pixel is made by 
choosing, for each selected pixel, the Sub-frame type that 
minimizes the warped row variance of pixel values averaged 
over all warped rows. In still another embodiment, the choice 
of the sub-frame type for a pixel is made by having, for a block 
of KXL pixels, each pixel vote for a sub-frame type (based on 
the sub-frame type that minimizes the warped row variance of 
pixel values averaged overall warped rows) and choosing the 
sub-frame type with the most votes for all the pixels in the 
KXL block, where K and L can be any integers greater than 0. 
In one embodiment, Kand L are all set to be 4. In still another 
embodiment, the choice of the sub-frame type for a pixel is 
made by forming, for each pixel, a block of KXL pixels and 
choosing a Sub-frame type by using the preceding Voting 
scheme on this block. In each case, the chosen Sub-frame type 
is used for the current pixel. Thus, by using one of these 
measured Statistics for each mask, the selection of a subframe 
is performed. 
0059. Note that masks other than those in FIGS. 4A-4M 
may be used. 
0060 FIG. 6 is a flow diagram of one embodiment of 
Sub-frame selection processing. The process is performed by 
processing logic that may comprise hardware (circuitry, dedi 
cated logic, etc.), software (such as is run on a general purpose 
computer system or a dedicated machine), or a combination 
of both. 
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0061 Referring to FIG. 6, the process begins by process 
ing logic receiving frame y and determining whether the 
sub-frames are pixel-adaptive (processing block 601). If the 
Sub-frames are not pixel-adaptive, processing logic chooses 
the regular Sub-frame type for all pixels (processing block 
602). If the sub-frames of sub-frame y are pixel adaptive, 
processing logic, for each pixel, marks the Sub-frame type 
that minimizes the warped row variance (processing block 
603). This is done using the library of sub-frame types (620) 
as described above. Thus, for each pixel, the sub-frame type 
that minimizes the warped row variance among the library of 
Sub-frame types is marked. 
0062 Next, processing logic determines whether the 
choice is block-based (processing block 604). If processing 
logic determines the choice is block-based, processing logic 
counts the number of pixels that marked each Sub-frame type 
in each block (processing block 606) and, for all pixels in a 
block, processing logic chooses the Sub-frame type marked 
by most pixels in that block (processing block 607). In other 
words, if the choice is block-based, the sub-frame type 
marked by most pixels in a block is chosen for all pixels in that 
block. If processing logic determines the choice is not block 
based, processing logic chooses, for each pixel, the Sub-frame 
type marked by that pixel (processing block 605). In other 
words, each pixel chooses the Sub-frame type marked by 
itself. 
0063. The choice of the sub-frame types for each pixel can 
be part of the side-information. 
Transform Selection and Application 
0064. After selecting the sub-frame Z, the sub-frame Z, is 
transformed into d, using a pixel-adaptive warped transform 
H. The transform is referred to herein as “warped because the 
Support of the transform basis has warped to match the Sub 
frame shape. The transform is referred to as pixel-adaptive 
because sub-frames pivoted at different pixels can use differ 
ent transforms in addition to the fact that the choice of Sub 
frame type can vary from pixel to pixel. In one embodiment, 
the transform H is chosen from a library of transforms such 
as, for example, a separable 2-D Hadamard, a separable DCT, 
a non-separable DCT, 2-D Gabor wavelets, Steerable pyra 
mids, 2-D directional wavelets, Curvelets and Contourlets. It 
should be noted that a separable transform becomes non 
separable after it is warped. The choice can be fixed apriori or 
adaptive to the different sub-frames pivoted at different pix 
els. In one embodiment, in the adaptive case, the chosen 
transform is the one that has the least number of coefficients 
with absolute value greater than a master threshold T. In one 
embodiment, the choice of the transforms is part of the side 
information. A flow diagram of one embodiment of a trans 
form selection process for a sub-frame is illustrated in FIG. 7. 
0065 Referring to FIG. 7, the process is performed by 
processing logic that may comprise hardware (circuitry, dedi 
cated logic, etc.), Software (such as is run on a general purpose 
computer system or a dedicated machine), or a combination 
of both. The process begins by processing logic testing 
whether the transform is pixel-adaptive (processing block 
701). This test may be performed by referring to a list. In one 
embodiment, the list can be such that the transform is non 
adaptive. In another embodiment, the list can be signaled as 
part of side-information. If processing logic determines that 
the transform is not pixel-adaptive, processing logic selects a 
2-D orthonormal separable DCT for use as the transform and 
generates the transform coefficients d, by applying the trans 
form to the sub-frame Z, (processing block 702). 
0066. If processing logic determines the transform is 
pixel-adaptive, then, for each transform H, in the library of 
transforms H', H.,...} (processing block 703), processing 
logic computes the transform coefficients d' using the for 
mula: 
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The transform coefficients d, correspond to the transform H. 
0067 Next, for eachi, processing logic counts the number 
of coefficients in d with an absolute value greater than a 
master threshold T (processing block 705) and chooses the 
transform from the library of transforms with the least count 
H. sets the transform H, equal to the transform corresponding 
to the least count (H), and then sets the coefficients d, equal 
to the transform coefficients d' (processing block 706). 
Thresholding 

0068. As part of the thresholding process that occurs after 
selecting the transform, in one embodiment, a detail-preserv 
ing adaptive threshold T, is applied on the transform coeffi 
cients d, to obtain d. The threshold T, is referred to herein as 
detail-preserving since its value adapts such that high-fre 
quency detail in the image/video frame is preserved. The 
transform coefficients d are also thresholded using a master 
threshold T to obtain d. The thresholding operation can be 
done in a variety of ways. In one embodiment, the threshold 
ing operation is performed using hard thresholding. In 
another embodiment, the thresholding operation is performed 
using soft thresholding. The hard thresholding operation is 
defined as 

X, vic T 

where T is the threshold used. Similarly, the soft thresholding 
operation with T as the threshold is defined as 

x - T, x > T 

ST(x) = x - T, x <-T. 

0069. The results of thresholding may be compared to the 
energy lost. If too much of the signal energy is lost, the 
threshold may be too high for this particular area and, thus, 
might have to be reduced. 
0070. In alternative embodiments, the threshold T, is com 
puted in one of the following ways: 

where f() represents a function 

f = f(T, Id – d.1), 
where f() represents a function 

f = TX f(ld – d.1). 

The function f() is a monotonic decreasing stair-case function 
as illustrated in FIG.9. In one embodiment, the function used 
is a lookup table, which can be part of the side-information. 
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Referring to FIG. 9, the shape of a monotonic decreasing 
staircase function used in the adaptive thresholding process is 
shown. The parameters (fl. f. . . . . f.) and (E. E. . . . . E.) 
completely define the function. The step positions of the 
function (fl. f. . . . , f, and E. E. . . . , E) are tuned on a 
training set to achieve a local optimum in reconstructed 
image/video quality. 
0071 Perform a search on possible values for T, to mini 
mize the number of non-zero elements ind, such that Id 
dif-E, where local refers to a local portion of the 
image, as opposed to the entire image. E. can be part of 
the side-information or default values may be used. This 
can be viewed as a setting for the algorithm. In one embodi 
ment, a default value can be obtained by tuning on a train 
ing set and choosing the value that achieves a local opti 
mum in reconstructed image/video quality. 

(0072 Performajoint search on possible values for (T.T., 
..., TX) to minimize the total number of non-zero elements 
ind Summed over all ke {1,2,... , N} such that 

W M 12 

X |d, - d. < Eglobal, 
i=l 

where global refers to the image as a whole. E., can be part 
of the side-information or default values may be used. This 
can be viewed as a setting for the algorithm. In one embodi 
ment, a default value can be obtained by tuning on a training 
set and choosing the value that achieves a local optimum in 
reconstructed image/video quality. In one embodiment, the 
option 

f = TX f(ld - d. 1) 

is used and hard thresholding is used for the thresholding 
operation. The different parameters in the thresholding pro 
cess can be part of the side-information. 
0073 FIG. 8 is a flow diagram of one embodiment of a 
thresholding process for thresholding transform coefficients 
d. The process is performed by processing logic that may 
comprise hardware (circuitry, dedicated logic, etc.), Software 
(such as is run on a general purpose computer system or a 
dedicated machine), or a combination of both. 
0074 Referring to FIG. 8, the process begins using a mas 
ter threshold T and coefficients d, as inputs, and processing 
logic, for each element d, ed., computing the corresponding 
element d, ed, according to the following equation: 

dii, dic T 
"T 0, Ida T 

(processing block 801). In this manner, processing logic sets 
to zero all coefficients with absolute values less than the 
master threshold T and these coefficients are stored as d. 
0075) Next, processing logic determines whether the 
thresholds are adaptive (processing block 802). This test may 
be performed by referring to a list. In one embodiment, the list 
can be such that the thresholds are non-adaptive. In another 
embodiment, the list can be signaled as part of side-informa 
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tion. If processing logic determines that adaptive thresholds 
are not used, processing logic copies the output coefficient d, 
directly from d (processing block 803). If processing logic 
determines that adaptive thresholds are used, processing logic 
computes the adaptive threshold T, as a product of master 
thresholdTanda monotonically decreasing function of abso 
lute valued-d' (the L-2 norm betweend, and d) as follows: 

(processing block 804). Then processing logic computes, for 
each element, the corresponding element ded, according to 
the formula: 

dy = dii, di -T 
O, ld < T1 

(processing block 805). Thus, in this manner, all coefficients 
d, with absolute values less than T are set to Zero and stored 
as d. 

Combining Sub-Frames 

0076. After applying the inverse transform to the thresh 
olded coefficients, all of the processed sub-frames are com 
bined in a weighted fashion to form frame y. In one embodi 
ment, a weight w, is computed for each processed Sub-frame 
Z. In alternative embodiments, this is computed in one of the 
following ways: 

10077 w, f(T. T.), where f() represents a function. An 
example of Such a function is 

f 
T 

0078 w, f(d., d.), where f() represents a function. 
0079. MSE option: 

M 12 

l-a sei ld - d. 
1 d; -d 2 emin ld - d. semin 

where e, is a constant. 
0080) L-p Norm option (p20): 

1 M 2 
, Ildi > nmin 

ldlp 
1 A 

ldlp snmin 
min 

where n is a constant. 

Feb. 19, 2009 

where pe0 and the function g() is a monotonic decreasing 
stair-case function similar to the function f() illustrated in 
FIG.9. The step positions of the function (f, f, ..., f, and E, 
E. . . . , E) are tuned on a training set to achieve a local 
optimum in reconstructed image/video quality. 

where pe0 and the function g() is a monotonic decreasing 
stair-case function similar to the function f() illustrated in 
FIG.9. The step positions of the function (f, f, ..., f, and E, 
E. . . . , E) are tuned on a training set to achieve a local 
optimum in reconstructed image/video quality. 
I0081. The calculated weight w, can be part of the side 
information. 
I0082. The processed sub-frames 2 (corresponding to all 

ted manner. 
One embodiment of this process is described for y, which is the value of the j" pixel. 

I0083) 1. Sety, 9 and n=0, where n, is the normalization coefficient for j" pixel. 
0084 2. For each processed sub-frame 2, 
I0085 a. If pixel j is part of p, 

I0086) i. kindex of pixel j in p, 
I0087 ii. S. S.--w,x2, where 2, is the value of 

pixel j in the processed sub-frame Z. 
I0088 iii. n n+w, 

pixels) are combined together to formy in a weigh 

I0089 FIG. 10 is a flow diagram of one embodiment of a 
process for combining all processed sub-frames to form 
frame y. The process is performed by processing logic that 
may comprise hardware (circuitry, dedicated logic, etc.), soft 
ware (such as is run on a general purpose computer system or 
a dedicated machine), or a combination of both. 
0090 Referring to FIG. 10, the process begins by setting 

its valuey, and its normalizing factorn to Zero for each pixel 
m=1:N in framey (processing block 1001). Next, processing 
logic initializes the pixel index j and the Sub-frame index i to 
one (processing block 1002). 
0091 After initialization, processing logic determines 
whether pixel j e p, (processing block 1003). If it is, the 
process transitions to processing block 1004. If not, process 
transitions to processing block 1005. 
0092. At processing block 1004, in one embodiment, pro 
cessing logic updatesy, and n, using 2, the value of the pixel 
j in 2, and using waiting factor w, calculated using d, and d. 
In one embodiment, the waiting factor is calculated according 
to the following: 

A 12 
|d - d. wi = 

M 12 

ld - d. semin émin 
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In processing block 1004, k is equal to the index of pixel j in 
p. In one embodiment, processing logic updates y, and n, 
based on the following equation: 

After processing logic updatesy, and in the process transi 
tions to processing block 1005. 
0093. At processing block 1005, processing logic checks 
whether the index i=N, the total number of pixels in the frame. 
If so, the process transitions to processing block 1007. If not, 
the process transitions to processing block 1006. At process 
ing block 1006, the index is incremented by one and the 
process transitions to processing block 1003. 
0094. At processing block 1007, processing logic updates 
y, according to the following equation: 

, - 'i 

After updatingy, processing logic sets the index i equal to 1 
(processing block 1008) and checks whether the index j is 
equal to N (processing block 1009). If it is, the process ends. 
If not, the process transitions to processing block 1010 where 
the index j is incremented by one. After incrementing the 
index j by one, the process transitions to processing block 
10O3. 

0.095. In the case of video, in one embodiment, the com 
bination operation also includes an estimate based on the 
previous frame to emulate an autoregressive process. This 
ensures Smooth video playback in regions with a lot high 
frequency detail. This is mathematically represented as: 

where C. represents the autoregression coefficient. In one 
embodiment, C-0.5. In another embodiment, C. can be part of 
the side-information and y is the estimate of the previous 
frame corrected for scene motion between current frame and 
previous frame. 

The Data Consistency Operation 

0096. The data consistency operation preserves the rel 
evant signal content such that the original low-resolution 
image/video is recoverable from the high-resolution image/ 
Video. Thus, the data of the high-resolution image/video pro 
duced by the Super-resolution technique is consistent with the 
low-resolution image/video. 
0097. In one embodiment, the frame y' is set equal to the 
framey and y is considered the enhanced quality estimate or 
the Super-resolution estimate (if the data consistency step is 
not used). 
0098. In another embodiment, the framey is processed by 
a data consistency step that outputsy", which is considered the 
Super-resolution estimate. This operation ensures that the 
downsampling of y' using the modeled lowpass filter results 
in the input image/video frame X. 
0099. In one embodiment, the modeled lowpass filter is 
used to downsample y to get y. A difference frame y is 
calculated using 
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0100. An upsampled version, y, is formed using the same 
process that producedy from X. The Super-resolution estimate 
is formed as 

0101 FIG. 11 is a dataflow diagram of one embodiment of 
a data consistency operation. The blocks in FIG. 11 and their 
associated operations may comprise hardware (circuitry, 
dedicated logic, etc.), software (such as is run on a general 
purpose computer system or a dedicated machine), or a com 
bination of both. Referring to FIG. 11, modeled lowpass filter 
1101 filters the combined frame y and downsampler 1102 
downsamples the filtered output to form y. A substractor 
1103 subtracts y from input frame X to form a difference 
frame (S) at low resolution. Upsampler 1104 upsamples the 
difference frame S using the process shown in FIG. 3 to 
obtain the upsampled version y. Adder 1105 adds the 
upsampled version y to y to form the Super-resolution esti 
mate y'. 

Iterations 

0102 The enhanced quality/super-resolution estimate y' 
can be further refined by iterating over the entire process as 
illustrated in FIG. 2. The number of iterations (N) can be any 
integer greater than Zero. The master threshold T is updated 
and the frame y' is copied into framey. The master threshold 
can be any positive real value and can be updated in any of the 
following ways: 

(0103) Linear option: T-min(T-AA,0), where A is a con 
stant chosen apriori. 

0104 MSE option: 

where f() represents a function. 
I0105. In one embodiment, the number of iterations (N) 
and the master threshold T for each of the iterations are 
included as part of the side-information. 
0106. In one embodiment, the number of iterations (N) is 
an integer between 1 and 4 and the master threshold is set at 
100 for the first iteration and 

100 

- N. 

For example, if N is equal to 2, the master thresholds for the 
two iterations are 100 and 50. Thus, in one embodiment, the 
number of thresholds is two and the master threshold is 
reduced in the second iteration. 

Applications 

0107 The quality enhancement and super-resolution tech 
niques have diverse applications in the processing, coding 
and display of images and/or video. Generally, these tech 
niques can be used to enhance low-quality, low-resolution 
images and/or videos to high-quality, low-high-resolution. 
0.108 More specifically, with respect to broadcast video, 
broadcast programming aimed at devices having displays that 
only handle low-resolution videos (e.g., mobile phones) can 
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also be used in stationary environments where high-resolu 
tion displays such as televisions are available. Also for phones 
with high-resolution displays, content available at low reso 
lution, such as that for mobile phones having displays that 
only handle low-resolution videos, can be processed to match 
the higher resolution of the phone's high-resolution display. 
In one embodiment, a low-resolution video signal is broad 
cast to one or more mobile phones, which displays the low 
resolution video signal. The mobile phone includes the func 
tionality described herein to convert the low-resolution video 
to high-resolution video and display the high-resolution 
video itself and/or send the high resolution video to a high 
resolution display, Such as a television. In one embodiment, 
the mobile phone transmits the high-resolution video to a 
television using local wireless transmission. In another 
embodiment, the cellphone sends the low-resolution video to 
a docking station that uses the techniques described herein to 
convert the low-resolution video to high-resolution video and 
transmit them to the high resolution display. 
0109 Another application of the techniques described 
herein is for video quality enhancement in a network. For 
example, videos captured by a mobile phone camera are of 
low-quality and low-resolution. The techniques described 
can be used in a network to enhance these videos to high 
quality and high-resolution. The captured videos can be 
uploaded, via a network, to a server or other processor-based 
system for enhancement using the techniques disclosed 
herein (e.g., reducing compression artifacts, increasing reso 
lution, etc.), and thereafter, users can download the enhanced 
videos from the network. 
0110. Another application is fractional-pel motion com 
pensation in video coding which provides significant gains in 
compression efficiency. To do fractional-pel motion compen 
sation, the input image/video should be interpolated to get the 
intensity values at fractional pixel locations. The Super-reso 
lution technique can be used to do the interpolation. 
0111 Similarly, images taken by mobile phone and shared 
through a network are often not of good quality. When shar 
ing, the images at a low quality, low resolution are sent 
through the network, the bandwidth usage is reduced in com 
parison to sending Such images at a higher quality and/or 
resolution level. Then, after transmission, the quality of these 
images can be improved using the techniques described 
herein to achieve “print’ quality or better, particularly where 
a user wishes to print one Such image. Also, the quality of 
Video conferencing can be improved by using the techniques 
described herein. More specifically, a terminal being used to 
communicate as one of the video conferencing participants 
can be equipped with the functionality described herein and 
thus is able to show the conferencing video at a higher Zoom 
level and/or with improved quality. 
0112 The video quality enhancement technique can also 
be used as a loop filter in a video decoder to improve com 
pression efficiency. 

Examples of Advantages 

0113 Embodiments of the invention achieve high quality 
of performance compared to related art. Embodiments of the 
invention are applicable to a wide variety of image/video 
content with Smooth regions, texture and edges in all direc 
tions. Embodiments of the invention are not limited to regions 
with horizontal or vertical edges. Embodiments of the inven 
tion adapt its parameters based on local pixel statistics. 
Embodiments of the invention can use side-information from 
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the image/video source whenever possible. Embodiments of 
the invention needs less iteration and incurs lower computa 
tional complexity. 

An Example of a Computer System 

0114 FIG. 12 is a block diagram of an exemplary com 
puter system that may perform one or more of the operations 
described herein. Referring to FIG. 12, computer system 
1200 may comprise an exemplary client or server computer 
system. Computer system 1200 comprises a communication 
mechanism or bus 1211 for communicating information, and 
a processor 1212 coupled with bus 1211 for processing infor 
mation. Processor 1212 includes a microprocessor, but is not 
limited to a microprocessor, such as, for example, PentiumTM, 
PowerPCTM, AlphaTM, etc. 
0115 System 1200 further comprises a random access 
memory (RAM), or other dynamic storage device 1204 (re 
ferred to as main memory) coupled to bus 1211 for storing 
information and instructions to be executed by processor 
1212. Main memory 1204 also may be used for storing tem 
porary variables or other intermediate information during 
execution of instructions by processor 1212. 
0116 Computer system 1200 also comprises a read only 
memory (ROM) and/or other static storage device 1206 
coupled to bus 1211 for storing static information and instruc 
tions for processor 1212, and a data storage device 1207, such 
as a magnetic disk or optical disk and its corresponding disk 
drive. Data storage device 1207 is coupled to bus 1211 for 
storing information and instructions. 
0117 Computer system 1200 may further be coupled to a 
display device 1221, such as a cathode ray tube (CRT) or 
liquid crystal display (LCD), coupled to bus 1211 for display 
ing information to a computer user. An alphanumeric input 
device 1222, including alphanumeric and other keys, may 
also be coupled to bus 1211 for communicating information 
and command selections to processor 1212. An additional 
user input device is cursor control 1223, Such as a mouse, 
trackball, trackpad, stylus, or cursor direction keys, coupled 
to bus 1211 for communicating direction information and 
command selections to processor 1212, and for controlling 
cursor movement on display 1221. 
0118. Another device that may be coupled to bus 1211 is 
hard copy device 1224, which may be used for marking 
information on a medium Such as paper, film, or similar types 
of media. Another device that may be coupled to bus 1211 is 
a wired/wireless communication capability 1225 to commu 
nication to a phone or handheld palm device. 
0119) Note that any or all of the components of system 
1200 and associated hardware may be used in the present 
invention. However, it can be appreciated that other configu 
rations of the computer system may include some or all of the 
devices. 

0.120. The present invention is not limited to personal 
computer and laptop computers. The present invention is 
applicable to mobile phones, Smart phones, PDAs, portable 
players, etc. 
I0121 Whereas many alterations and modifications of the 
present invention will no doubt become apparent to a person 
of ordinary skill in the art after having read the foregoing 
description, it is to be understood that any particular embodi 
ment shown and described by way of illustration is in no way 
intended to be considered limiting. Therefore, references to 
details of various embodiments are not intended to limit the 
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scope of the claims which in themselves recite only those 
features regarded as essential to the invention. 
We claim: 
1. A method comprising: 
receiving a first version of media at a first resolution; and 
creating a second version of the media at a second resolu 

tion higher or equal to the first resolution using at least 
one transform and adaptive thresholding. 

2. The method defined in claim 1 wherein creating a second 
version of the media comprises: 

applying at least one warped transform to a Sub-frame to 
create transform coefficients. 

3. The method defined in claim 2 wherein the at least one 
warped transform comprises a 2-D separable DCT or a 2-D 
Hadamard transform. 

4. The method defined in claim 2 further comprising select 
ing Sub-frames adaptively in an image created by upsampling 
the first version of the media, and further wherein applying 
the at least one warped transform to a Sub-frame to create 
transform coefficients comprises applying a transform to 
each of the selected Sub-frames in the image. 

5. The method defined in claim 4 wherein the sub-frames 
are adaptively selected at each pixel in the image. 

6. The method defined in claim 4 wherein the at least one 
warped transform comprises a 2-D separable DCT or a 2-D 
Hadamard transform. 

7. The method defined in claim 1 wherein the at least one 
transform comprises a 2-D separable DCT or a 2-D Had 
amard transform. 

8. The method defined in claim 1 wherein the adaptive 
thresholding includes application of spatially adaptive 
thresholds. 

9. The method defined in claim 1 wherein creating a second 
version of the media comprises: 

computing an adaptive threshold; and 
thresholding transform coefficients with the adaptive 

threshold. 
10. The method defined in claim 1 wherein creating a 

second version of the media comprises: 
upsampling the first version of media to create an 

upsampled image: 
transforming Sub-frames in the upsampled image using a 

transform for each sub-frame; 
thresholding transform coefficients for each transformed 

sub-frame with an adaptive threshold; 
inverse transforming the thresholded transform coeffi 

cients to form processed Sub-frames in the pixel-do 
main; 

combining the processed Sub-frames to create a new frame; 
and 

applying a data-consistency operation to the new frame. 
11. The method defined in claim 10 wherein the transform 

comprises a 2-D separable DCT or a 2-D Hadamard trans 
form. 

12. The method defined in claim 11 further comprising 
setting the Sub-frame to be regular at every pixel. 

13. The method defined in claim 10 further comprising 
setting the Sub-frame to be regular at every pixel. 

14. The method defined in claim 10 further comprising 
selecting adaptively a transform for each Sub-frame. 

15. The method defined in claim 10 further comprising 
selecting a sub-frame adaptively at each pixel in the 
upsampled image. 
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16. The method defined in claim 15 wherein transforming 
Sub-frames in the upsampled image comprises applying a 
transform to the selected sub-frame, wherein the transform 
comprises a 2-D separable DCT or a 2-D Hadamard trans 
form. 

17. The method defined in claim 10 further comprising 
computing one of more adaptive thresholds, and wherein 
thresholding transform coefficients for each transformed sub 
frame with an adaptive threshold comprises thresholding 
transform coefficients for each transformed sub-frame with 
one of the one of more adaptive thresholds. 

18. The method defined in claim 17 further comprising 
adaptively selecting the transform for a Sub-frame selected at 
each pixel. 

19. The method defined in claim 10 further comprising 
adaptively selecting the transform for a Sub-frame selected at 
each pixel. 

20. The method defined in claim 10 further comprising 
sending side-information. 

21. The method defined in claim 1 further comprising 
iteratively repeating the operations used to create the second 
version of the media for creating a third version of the media. 

22. The method defined in claim 1 wherein creating a 
second version of the media comprises: 
upsampling the first version of media; 
selecting a sub-frame adaptively for each pixel in the 
upsampled image: 

transforming each selected Sub-frame using a transform, 
wherein the transform comprises a 2-D separable DCT 
or a 2-D Hadamard transform; 

thresholding the transform coefficients: 
inverse transforming the thresholded transform coeffi 

cients to form processed Sub-frames in the pixel-do 
main; 

combining the processed Sub-frames to create a new frame; 
and 

applying a data-consistency operation to the new frame, 
Such that a second version of the media at a resolution 
higher than the first version of the media is created. 

23. The method defined in claim 22 wherein the first ver 
sion of the media is generated by a camera. 

24. The method defined in claim 22 wherein the transform 
is a warped transform. 

25. The method defined in claim 1 wherein the first version 
of media at the first resolution is generated in a video decoder 
and creating the second version of the media is performed as 
part of a post processing operation in the video decoder. 

26. The method defined in claim 1 wherein the first version 
of media at the first resolution is generated in a video decoder 
and creating the second version of the media is performed as 
part by a loop filter in the video decoder. 

27. The method defined in claim 1 wherein the first version 
of media is received by a mobile device in response to being 
transmitted in a wireless communication system, and further 
comprising sending the second version of the media to a high 
resolution display for display thereon. 

28. The method defined in claim 27 wherein the mobile 
device creates the second version and sends the second Ver 
sion to the high resolution display. 

29. The method defined in claim 27 wherein the mobile 
device sends the first version to a docking station, and the 
docking station creates the second version and sends the 
second version to the high resolution display. 
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30. The method defined in claim 1 wherein the first version 
of media is a video received from over a network by a termi 
nal, and the terminal creates the second version for display 
thereon. 

31. A method comprising: 
transforming Sub-frames in an image using a transform for 

each Sub-frame; 
thresholding transform coefficients for each transformed 

sub-frame with an adaptive threshold; 
inverse transforming the thresholded transform coeffi 

cients to form processed Sub-frames in the pixel-do 
main; 

combining the processed Sub-frames to create a new frame. 
32. The method defined in claim 31 wherein the transform 

is a warped transform. 
33. The method defined in claim 31 further comprising: 
upsampling a first version of the media at a first resolution 

to create the image: 
34. The method defined in claim 33 further comprising: 
applying a data-consistency operation to the new frame. 
35. The method defined in claim 31 further comprising 

setting the Sub-frame to be regular at every pixel. 
36. The method defined in claim 31 further comprising 

selecting adaptively a transform for each Sub-frame. 
37. The method defined in claim 31 further comprising 

selecting a sub-frame adaptively at each pixel in the 
upsampled image. 

38. The method defined in claim 37 wherein transforming 
Sub-frames in the upsampled image comprises applying a 2-D 
separable DCT or a 2-D Hadamard transform to the selected 
sub-frame. 

39. The method defined in claim 31 further comprising 
computing one of more adaptive thresholds, and wherein 
thresholding transform coefficients for each transformed sub 
frame with an adaptive threshold comprises thresholding 
transform coefficients for each transformed sub-frame with 
one of the one of more adaptive thresholds. 

40. The method defined in claim 39 further comprising 
adaptively selecting the transform for a Sub-frame selected at 
each pixel. 

41. The method defined in claim 31 further comprising 
adaptively selecting the transform for a Sub-frame selected at 
each pixel. 

42. The method of claim 31 further comprising sending 
side-information. 

43. A method comprising: 
tranforming each selected Sub-frame using a transform, 

wherein the transform comprises a 2-D separable DCT 
or a 2-D Hadamard transform; 

thresholding the transform coefficients using a non-adap 
tive threshold; 

inverse transforming the thresholded transform coeffi 
cients to form processed Sub-frames in the pixel-do 
main; 

combining the processed Sub-frames to create a new frame. 
44. The method defined in claim 43 further comprising: 
upsampling a first version of media; and 
Selecting a Sub-frame adaptively for each pixel in the 
upsampled image. 
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45. The method defined in claim 43 further comprising: 
applying a data-consistency operation to the new frame. 
46. The method defined in claim 43 wherein said each 

selected Sub-frame is generated in a video decoder and cre 
ating the new frame is performed as part of a post processing 
operation in the video decoder. 

47. The method defined in claim 43 wherein said each 
selected Sub-frame is generated in a video decoder and cre 
ating the new frame is performed as part by a loop filter in the 
video decoder. 

48. The method defined in claim 43 wherein said each 
selected sub-frame is received by a mobile device in response 
to being transmitted in a wireless communication system, and 
further comprising sending the new frame to a high resolution 
display for display thereon. 

49. The method defined in claim 48 wherein the mobile 
device creates the new frame and sends the new frame to the 
high resolution display. 

50. The method defined in claim 48 wherein the mobile 
device sends said each selected Sub-frame to a docking sta 
tion, and the docking station creates the new frame and sends 
the new frame to the high resolution display. 

51. The method defined in claim 43 wherein said each 
selected sub-frame is part of a video received from over a 
network by a terminal, and the terminal creates the new frame 
for display thereon. 

52. An article of manufacture having one or more computer 
readable storage media storing instructions therein which, 
when executed by a system, causes the system to perform a 
method comprising: 

receiving a first version of media at a first resolution; and 
creating a second version of the media at a second resolu 

tion higher or equal to the first resolution using at least 
one transform and adaptive thresholding. 

53. The article of manufacture defined in claim 52 wherein 
creating a second version of the media comprises applying a 
transform to a Sub-frame to create transform coefficients, 
wherein the transform comprises a 2-D separable DCT or a 
2-D Hadamard transform. 

54. The article of manufacture defined in claim 53 wherein 
the method further comprising selecting Sub-frames adap 
tively in an image created by upsampling the first version of 
the media, and further wherein applying the at least one 
warped transform to a sub-frame to create transform coeffi 
cients comprises applying a transform to each of the selected 
Sub-frames in the image, wherein the transform comprises a 
2-D separable DCT or a 2-D Hadamard transform. 

55. The article of manufacture defined in claim 54 wherein 
the sub-frames are adaptively selected at each pixel in the 
image. 

56. The article of manufacture defined in claim 52 wherein 
the adaptive thresholds comprise spatially adaptive thresh 
olds. 

57. The article of manufacture defined in claim 52 wherein 
creating a second version of the media comprises: 

computing an adaptive threshold; and 
thresholding transform coefficients with the adaptive 

threshold. 
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