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(54) Processing method for obtaining a high-resolution digital image

(57) A method for obtaining a high-resolution digital
image from a plurality of starting images P,S formed by
pixel matrices and acquired at a lower resolution. The
method comprises a phase of combining the plurality of
starting images P,S to generate a provisional high-res-
olution image HR(0) formed by a pixel matrix.

The method also comprises a calculation phase to
associate a respective error with at least a part of the
pixels of the provisional image HR(0), said calculation
phase providing a first error associated with at least one
first pixel, and a phase of at least partially processing
the provisional image by modifying the pixels of this im-
age on the basis of the respective errors associated with
them.

The method is characterized by the fact that the cal-
culation phase includes the phase of:

calculating a second error to associate with at least
one second pixel situated in the vicinity of said first
pixel in the matrix (HR(0)), said second error being
calculated by using the first error associated with
said at least one first pixel.
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Description

[0001] The present invention concerns the acquisition
and processing of digital images and, more particularly,
refers to a method for obtaining high-resolution images
by processing several low-resolution images represent-
ing one and the same real scene.
[0002] Digital images are currently utilized in many
different applications, cases in point being such new-
generation acquisition devices as digital still cameras,
often referred to as DSCs.
[0003] The availability of sensors of ever greater res-
olution and low-cost, low-consumption digital signal
processors (DSPs) has led to a considerable commer-
cial diffusion of digital still cameras. For this reason there
is now felt the need for realizing low-cost acquisition de-
vices that will nevertheless render possible the acquisi-
tion of high-quality digital images.
[0004] The quality of an image depends substantially
on the characteristics of the sensor with which the image
is acquired, especially its resolution.
[0005] The sensor, which in digital still cameras will
be typically either a CCD (Charge Coupled Device) or
a CMOS (Complementary Metal Oxide Semiconductor),
is an integrated circuit comprising a matrix of photosen-
sitive cells or elements, each associated with a corre-
sponding pixel. When the image is acquired from a real
scene, each cell produces an electric signal proportional
to the light that strikes it. More precisely, each cell re-
sponds to the radiance (emitted quantity of light) of a
particular portion of the real scene: this portion consti-
tutes the receptive field of the pixel.
[0006] The larger the number of photosensitive cells
or - which amounts to the same thing - the greater the
spatial resolution of the sensor, the denser will be the
information relating to the real scene captured in the ac-
quisition process.
[0007] But the choice of obtaining a higher image res-
olution by stepping up the sensor resolution in terms of
number of pixels is not always feasible for reasons that
are both technological and economic in nature.
[0008] When acquiring a digital photograph, moreo-
ver, a sensor, no matter how good its resolution, will al-
ways produce an approximation of the scene that is to
be shot. The photosensitive cells of the sensor are al-
ways separated by a certain distance, because not all
the sensor area can be uniformly covered with photo-
sensitive elements and technological reasons make it
inevitable that there should be a certain minimum dis-
tance between adjacent cells. This spacing is the cause
of a first loss of information in the acquisition process.
[0009] Another reason why a digital image acquired
with a sensor of the type commonly employed in digital
still cameras constitutes only an approximation of the
real scene is bound up with the interpolation process of
the data acquired by the sensor.
[0010] As is well known, a digital image can be repre-
sented by a matrix of elements (pixels) corresponding

to elementary portions of the image, and each of these
elements has associated with it one or more digital val-
ues representative of the optical components. In a mon-
ochromatic image, for example, only a single digital val-
ue is associated with each pixel; in this case it is usually
said that the image is made up of only a single channel
or plane.
[0011] On the other hand, in a coloured image - which
may be in RGB (Red Green Blue) format, say - each
pixel has associated with it three digital values that cor-
respond, respectively, to the three components (red,
green, blue) of the additive chromatic synthesis. In this
case the image can be decomposed into three distinct
planes, each containing the information relating to just
one of the chromatic components.
[0012] A typical sensor will dedicate a single and sub-
stantially monochromatic photosensitive cell to each
pixel of the image. Furthermore, the sensor is provided
with an optical filter consisting of a matrix of filtering el-
ements, each of which covers one photosensitive cell.
Subject to a minimal absorption, each filtering element
transmits to the photosensitive cell with which it is as-
sociated the luminous radiation corresponding to the
wavelength of nothing but red light, nothing but green
light or nothing but blue light. For each pixel there is thus
revealed just one of the three primary components (R,
G,B) of the additive chromatic synthesis.
[0013] The type of filter employed varies from one
maker to another; the most common is the so-called
Bayer filter. In this filter the arrangement of the filtering
elements, the so-called Bayer pattern, is as shown in
element matrix 10 reproduced in Figure 2.
[0014] The electric signals produced by the photosen-
sitive cells are converted into digital values in accord-
ance with conventional methodologies. The digital im-
age obtained in this manner is incomplete, because it is
made up of only a single component (R, G or B) for each
pixel. The format of this image is conventionally referred
to as CFA (Colour Filter Array).
[0015] The CFA image is then subjected to a complex
reconstruction process to produce a "complete" image,
in RGB format for example, in which three digital values
will be associated with each pixel.
[0016] This reconstruction implies a passage from a
representation of the image in a single plane (Bayer
plane) to a representation in three planes (R,G,B). The
reconstruction is obtained by means of known interpo-
lation algorithms.
[0017] It should be noted that the interpolation pro-
duces only an approximation of the image that would be
obtained with a sensor capable of acquiring three optical
components per pixel. In this sense, therefore, the in-
terpolation process introduces yet another approxima-
tion into the acquired image.
[0018] Given these limitations of the quality of the ac-
quired image introduced by the sensor characteristics
and the interpolation process, recourse is often had to
further processing operations in order to obtain a high-
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resolution digital image.
[0019] To this end prior art proposes numerous meth-
ods that are generally based on the principle of recon-
structing the original information of the real scene lost
in the acquisition process for the reasons set out above
by combining the information contained in a plurality of
initially acquired low-resolution digital images that all
represent the same scene.
[0020] To this end it is essential that the initially ac-
quired images, which we shall henceforth refer to more
briefly as the starting images, should together constitute
some additional information that could not be obtained
from identical images.
[0021] The known methods comprise some that op-
erate in the spatial domain (that is to say, in the pixel
domain) and others in the frequency domain. The latter
combine a certain number of low-resolution starting im-
ages after having transformed them in the spatial fre-
quency domain. After the image in the frequency do-
main obtained from this combination has been brought
back into the spatial domain, it has a better resolution
than the starting images. However, the methods oper-
ating in the frequency domain call for a very considera-
ble computational effort.
[0022] The methods that operate in the spatial do-
main, on the other hand, comprise a particular class that
employs an approach known as "back projection", which
is wholly similar to the one utilized, for example, in so-
called computer-aided axial tomography (CAT), in which
a two-dimensional object is reconstructed from a series
of one-dimensional projections thereof.
[0023] The back-projection approach assumes that
the low-resolution starting images of one and the same
scene represent different projections of a high-resolu-
tion image that reproduces the real scene. The projec-
tion operator is the selfsame acquisition process, which
depends to a large extent on the acquisition device,
which is assumed to be known. The problem is thus re-
duced to reconstructing the high-resolution image from
its various projections.
[0024] In particular, the method employed by M. Irani
and S. Peleg, described among others in "Super Reso-
lution From Image Sequences" (IEEE, 1990), obtains an
iterative reconstruction of the high-resolution image by
correcting/improving this image in several successive
steps on the basis of the differences between the start-
ing images and images obtained by means of simulation
from the projections of the high-resolution image as from
time to time corrected or improved (by iteration).
[0025] This method is associated with a first drawback
that derives from the fact that the obtainment of high-
quality images calls for an accurate modelling of the ac-
quisition process (or device) with which the low-resolu-
tion images have been obtained. For this reason the
method in question gives rise to a complicated method
that does not lend itself to being implemented in a com-
mercial acquisition device such as a digital still camera.
[0026] A second difficulty is bound up with the fact that

the said method calls for a considerable number of iter-
ations at each iteration step and this, in its turn, implies
numerous problems in devices in which the optimization
of the energy, processing and memorization resources
is a factor that has an important bearing on their com-
mercial success.
[0027] The present invention therefore sets out to
make available a method for obtaining high-resolution
images that will not give rise to the drawbacks of the
prior art methods that have just been described.
[0028] This aim is attained with a method for obtaining
high-resolution images from a plurality of starting imag-
es formed by pixel matrices and acquired at a lower res-
olution, all as described in Claims 1 to 25 hereinbelow.
To this end the term "high-resolution image" as used in
connection with the present invention is to be under-
stood as referring to an image, no matter what its reso-
lution, that is represented on a larger number of pixels
than the starting images.
[0029] The object of the present invention also com-
prises an acquisition device as described in Claim 26
hereinbelow.
[0030] Further characteristics and advantages of the
invention will brought out more clearly by the detailed
description about to be given of a preferred embodiment
thereof, which is to be considered as an example and
not limitative in any way, said description making refer-
ence to the attached drawings of which:

- Figure 1 shows a schematic representation of a
possible acquisition device that implements the
method in accordance with the present invention;

- Figure 2 shows the manner in which the filtering el-
ements are arranged in a sensor filter of the Bayer
type that can be employed in the device of Figure 1;

- Figures 3, 4, 5a and 5b provide a simplified illustra-
tion of some steps of the method in accordance with
the present invention; and

- Figures 6a and 6b show the results of experimental
tests relating to the method in accordance with the
present invention.

[0031] The preferred embodiment of the present in-
vention concerns a portable device capable of acquiring
digital images and, more particularly, a digital still cam-
era.
[0032] In this connection it should be noted that the
precepts of the present invention can be extended also
to applications other than those explicitly mentioned in
the present description, portable and multimedial com-
munication terminals of the new generation being a case
in point.
[0033] As can be seen in Figure 1, a digital still camera
1 includes an acquisition block 2 consisting of an objec-
tive with a diaphragm 3 and a sensor 4. The objective 3
serves to focus the light radiations produced by a real
scene onto the sensor 4.
[0034] Sensor 4, which among others may be of the
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CCD or CMOS type, is an integrated circuit comprising
a matrix of photosensitive cells, each of which serves to
generate an electric signal proportional to the quantity
of light that strikes it during the acquisition interval. In a
preferred embodiment the sensor 4 comprises an opti-
cal filter with a Bayer matrix.
[0035] The still camera 1 also includes an A/D con-
verter, indicated by the reference number 5, to transform
the signal generated by each photosensitive cell into a
digital value with a predetermined number of bits (gen-
erally 8, 10 or 12 bits). By way of example and without
thereby introducing any limitation whatsoever, we may
here assume that in the present invention the A/D con-
verter 5 is such as to encode the incoming analog sig-
nals into digital values represented with 8 bits. In that
case the digital values of the pixels will be comprised
between a minimum binary value equal to 0 and a max-
imum binary value equal to 255.
[0036] The digital image constituting the output of the
A/D converter 5 is in CFA format, since it is made up of
just one chromatic component per pixel. This means
that just a single 8-bit digital value will be associated
with each pixel.
[0037] A pre-processing (or PrePro) unit 6, active be-
fore and during the entire acquisition phase, is such as
to interact with the acquisition block 2 and to extract from
the CFA image a number of parameters useful for car-
rying out automatic control functions: automatic focus-
ing, automatic exposure, correction of sensor defects,
and white balancing.
[0038] A unit 7, described as IGP (Image Generation
Pipeline), serves to perform a processing phase intend-
ed to obtain a high-resolution digital image. In digital still
cameras the unit 7 is commonly realized in the form of
a dedicated processor (CFA processor), possibly in VL-
SI (Very Large Scale Integration) technology.
[0039] In particular, the processing phase performed
in the IGP unit 7 is such as to produce from the incom-
plete digital starting image in CFA format a complete dig-
ital image, in YcrCb format for example, in which three
digital values (24 bits) - i.e. a luminance component Y
and two chrominance components Cr and Cb - are as-
sociated with each pixel. This transformation, obtained
- for example - by means of interpolation, implies pas-
sage from a representation of the image in a single plane
(Bayer plane) that contains the information relating to
the different chromatic components to a representation
in three planes.
[0040] Preferably the IGP block 7 will also be such as
to carry out various functions for improving the image
quality, including: filtering the noise introduced by the
sensor 4, application of special effects and other func-
tions that will generally vary in both number and type
from one maker to another.
[0041] Without thereby introducing any limitation, we
could here assume the unit 7 to be such as to carry out
the operations involved in the method for obtaining high-
resolution digital images in accordance with the present

invention. In a different embodiment, however, these op-
erations could also be performed in a separate block.
[0042] The IPG block is followed by an encoder/com-
pression block 8 that is generally of the JPEG type. The
compressed image may be saved in a memory unit 9 or
sent to an external peripheral unit.
[0043] In the present example the improvement meth-
od in accordance with the invention is applied to a plu-
rality of low-resolution starting images. For the sake of
brevity, this plurality will hereinafter be referred to also
by such expressions as "starting plurality" or "starting
images".
[0044] According to a particular embodiment of the in-
vention, we may suppose the starting images to be in
YCrCb format and to consists of square pixel matrices
of size n3n. For example, we may consider the specific
case in which the method in accordance with the present
invention produces a final image having a resolution
stepped up by a factor M in every dimension.
[0045] The low-resolution starting images are ac-
quired in sequence by the still camera 1 and the acqui-
sition block 2, preferably separated from each other by
only a short time interval and with slightly different ori-
entations of the still camera. In a preferred embodiment
several images (two or three, for example) will be ac-
quired every time the user releases the shutter. It should
be noted that the micro-oscillations of the still camera 1
between one acquisition and the next, oscillations due
to involuntary micro-movements of the user's hand, will
be sufficient to generate images that, even when their
relative misalignments are minimal, have different infor-
mation contents. It should also be noted that the starting
images acquired in this manner represent one and the
same scene and, being relatively misaligned, reproduce
portions of that scene that are different and at least par-
tially superposed.
[0046] Following acquisition, each of the starting im-
ages is converted into digital values by the A/D convert-
er 5 and then processed in the pre-processing block 6.
[0047] The CFA-format images on the output side of
the pre-processing block 6 are then sent to the IGP block
7. In this block each image is subjected to an interpola-
tion phase and is thus transformed into a complete low-
resolution image in, for example, YCrCb format.
[0048] The interpolation phase may be carried out, for
example, by means of methodologies known to a person
skilled in the art and are therefore brought out by the
previous description.
[0049] The method in accordance with the invention
envisages operating separately on the planes or chan-
nels that make up the images. For the sake of simplicity
we may here assume that the method operates on the
luminance planes Y of the starting images; hereinafter
we shall use the term "images" as referring in particular
only to the respective luminance components Y.
[0050] The chrominance planes Cr and Cb may be
subjected to a procedure wholly analogous to the one
about to be described, though it is also conceivable to
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obtain a computational saving by applying the method
only to the luminance plane Y, which represents the
component to which the human eye is most sensitive.
[0051] The low-resolution starting images are sub-
jected to an alignment or registering phase that consists
of an estimate of the misalignment of the images intro-
duced in the acquisition phase. To this end one of the
starting images, possibly the first one to be acquired, is
selected as the reference image, estimating the amount
by which the others are misaligned with respect to it.
[0052] The estimate of the misalignment may be ob-
tained by means of conventional techniques of either the
"local motion" or the "global motion" type; the latter are
less complex as far as computational effort is con-
cerned.
[0053] In a preferred embodiment the technique em-
ployed is of the global motion type; for example, the
techniques described in "Efficient, Robust and Fast Glo-
bal Motion Estimation for Video Coding" (F. Dufaux, J.
Konrad, IEEE Trans. On Image Processing, Vol.9, No.
3, March 2000) and in "Robust Global Motion Estimation
Using Simplified M-estimator Approach" (A. Smolic, J.
R. Ohm, Proc. IEEE ICIP 2000, September 2000) have
been found to be satisfactory.
[0054] The alignment phase is preferably realized in
a high-precision manner by estimating the misalign-
ments between the images even when they are of the
order of fractions of a pixel (sub-pixel precision).
[0055] Once the relative movement between the low-
resolution starting images have been defined, these im-
ages are combined to generate a first approximation or
estimate of the high-resolution image, in this example
of size (nxM)x(nxM), which will hereinafter be referred
to also by the name of provisional high-resolution image.
[0056] To this end each starting image is first expand-
ed to a resolution substantially equal to the resolution
of the provisional image. In this particular example the
starting images are expanded to a resolution increased
by a factor M in every dimension. This expansion is
wholly similar to an enlargement and may be obtained
by simply reproducing each pixel in a grid or block of
pixels of size MxM. In a possible variant, however, any
known enlargement algorithm of the intelligent/adaptive
type - of the bicubic type, for example - could be used
for the expansion phase.
[0057] The expanded starting images are then com-
bined pixel by pixel, taking due account of their relative
misalignments. In practice each pixel of the provisional
high-resolution image is generated by combining "ho-
mologous" pixels of the aligned and expanded starting
images.
[0058] In this way each pixel of the provisional high-
resolution image will be influenced by a plurality of "ho-
mologous" pixel, each of which forms part of one of the
starting images.
[0059] The term 'homologous' is here to be under-
stood as referring to the pixels of the starting images, or
analogously of the expanded starting images, that rep-

resent or refer to one and the same elementary portion
(receptive field) of the real scene.
[0060] By way of example, Figure 3 illustrates the ob-
tainment of a provisional high-resolution image HR(0) of
size 4x4, starting from the combination of two low-res-
olution starting images of size 2x2. In particular, in Fig-
ure 3 the image HR(0) is obtained from two starting im-
ages indicated, respectively, by P and S. Both P and S
comprise four pixels, respectively p1, p2, p3, p4 and s1,
s2, s3, s4. A generic pixel (or, more precisely, a digital
value of the pixel) of the provisional image HR(0) will
here be indicated by hr(x,y), where (x,y) represent the
space coordinates of the pixel in the matrix.
[0061] Figure 3 also shows the two expanded starting
images, respectively Pexp and Sexp, which correspond
to the images P and S after they have been expanded
by a factor M=2 in every dimension. As can be noted,
the expanded starting images Pexp and Sexp are ob-
tained by reproducing the pixels of the starting images
in blocks of size MxM=4 of adjacent pixels. In this way
each expanded image consists of sixteen pixels.
[0062] Figure 3 also shows the expanded images Pexp
and Sexp misaligned with respect to each other by a vec-
tor . The estimate of this vector is obtained in the "glo-
bal motion" alignment phase performed preferably on
the low-resolution starting images P, S.
[0063] For the purposes of this example the reference
image has been taken to be the image P and therefore
also the expanded image Pexp.
[0064] It should be noted that there may be pixels Sexp
that are not superposed on pixels of Pexp. These pixels
refer to portions of the real scene captured by the image
S but not by P. But there are also regions of the scene
that are captured by pixels of both images.
[0065] It should also be noted that the provisional
high-resolution image HR(0) comprises pixels equal to
pixels of the reference image Pexp in those regions of
Pexp that are not superposed on regions of the image
Sexp and contains also pixels obtained by combining ho-
mologous pixels of Pexp and Sexp in the superposed re-
gions of Pexp and Sexp.
[0066] According to this particular example, the com-
bination is a simple operation of arithmetical averaging
of homologous pixels.
[0067] For example, the pixel hr(3,2) of the image
HR(0) is obtained by combining the pixel p3 of the start-
ing image P and the pixel s1 of the starting image S. In
this sense, therefore, the pixel hr(3,2) is influenced by
the homologous pixels s1 and p3 of the low-resolution
starting images.
[0068] The pixels of the starting images not super-
posed on pixels of the reference image do not form part
of the provisional high-resolution image HR(0).
[0069] Once the provisional image HR(0) has been ob-
tained, it is projected backwards as required by the back
projection technique to produce another plurality of low-
resolution images, each of which corresponds to a re-
spective low-resolution image of the starting plurality.
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This projection is obtained by means of a simulation of
the acquisition process, which in this case is represent-
ed by the set of all the operations performed by the still
camera 1, which yields an interpolated digital image of
the real scene. Figure 4 shows the provisional image
HR(0) and the back-projected low resolution images in-
dicated by, respectively, P

^
(0) and S

^
(0).

[0070] According to the back projection approach, the
provisional high-resolution image HR(0) is now consid-
ered as if it were the real scene and the simulation of
the acquisition process produces further projected low-
resolution images from it.
[0071] Simulation of the acquisition process requires
one to establish a model of this process for use in the
processing.
[0072] This model will preferably be a function that ex-
presses a link between the pixel blocks Bp, Bs of size
MxM of the provisional high-resolution image HR(0) and
individual pixels of the projected low-resolution images
P
^

(0) and S
^

(0).
[0073] This is effectively in line with what happens in
the acquisition process, in which a pixel of a low-reso-
lution image captures the information of the real scene
or, more precisely, of the portion of the real scene that
forms part of its receptive field.
[0074] For example, from the block Bp comprising the
pixels with digital values p1,p1,p1, (p1+s1)/2 there is
generated a pixel in the image P

^
(0).

[0075] In a preferred embodiment this model or func-
tion makes it possible to produce from a pixel block Bp,
Bs (of size MxM) of the provisional high-resolution im-
age HR(0) a pixel in each projected image P

^
(0) e S

^
(0) that

will be homologous with the one of the starting image P,
S that generated this block in the expansion phase.
[0076] A model - and even a very accurate one - of
the acquisition process/device may be determined by
means of conventional techniques for characterizing the
employed components (for example: objective 3, sensor
4, etc.).
[0077] Nevertheless, the method in accordance with
the invention does not necessarily call for a very accu-
rate model. For example, a model that approximates the
acquisition process and has yielded good experimental
results is a simple operation of averaging the pixels of
one and the same block MxM of the provisional image
HR(0).
[0078] In the present invention the provisional high-
resolution image HR(0) is then iteratively processed, i.e.
modified at least partly pixel by pixel, in such a way as
to reduce a difference between corresponding images
of the starting plurality of images and the plurality of pro-
jected images. This processing operation aims at im-
proving the provisional high-resolution image at each it-
erative step and thus obtaining a definitive high-resolu-
tion image. In particular, this processing of the provision-
al image HR(0) can be continued to the point where no
further improvement can be obtained or a possible fur-
ther improvement would not produce any appreciable

results.
[0079] In a preferred embodiment of the invention this
processing may involve a part of the pixels of the provi-
sional image, because it is possible for the provisional
image obtained from the combination of the starting im-
ages to comprise regions or pixels that do not need
processing/improvement. Consequently, some pixels of
this image may not be modified and will therefore appear
unchanged (with respect to the provisional image) in the
final high-resolution image.
[0080] For the purpose of selecting the pixels of the
provisional image HR(0) that are to be modified, it is pref-
erable first to associate with each pixel of the provisional
image a measure DU(x, y) that represents its uncertain-
ty, said measure being obtained on the basis of the val-
ues of the corresponding (homologous) pixels forming
part of the starting images. The regions of the provision-
al image HR(0) that effectively need improvement are
then selected pixel by pixel on the basis of this uncer-
tainty measure.
[0081] Following this selection, it will be particularly
advantageous to leave unchanged the pixels of the pro-
visional image HR(0) with which there is associated an
uncertainty measure DU(x,y) smaller than a predeter-
mined threshold value T. On the other hand, either all or
at least a part of the pixels with which there is associated
an uncertainty measure DU(x,y) equal to or greater than
the predetermined threshold value T will be modified as
described above.
[0082] The measure DU(x,y) associated with each
pixel of the provisional high-resolution image and rep-
resentative of the uncertainty of that pixel can be ob-
tained by statistically characterizing the distribution of
the digital values of the homologous pixels of the starting
images that - upon being combined - generated the giv-
en pixel in the provisional high-resolution image HR(0).
When a pixel has been generated by combining homol-
ogous low-resolution pixels having "widely distributed"
and therefore very different digital values, the pixel in
question will have a large uncertainty measure associ-
ated with it, while in the contrary case a small uncertainty
value will be associated with the pixel.
[0083] According to a preferred embodiment of the in-
vention, the uncertainty measure DU(x,y) associated
with a pixel hr(x,y) of HR(0) is equal to the difference
between the maximum value Max(x,y) and the minimum
value Min(x,y) of the values of the homologous pixels
forming part of the (expanded) starting images that gen-
erated it upon being combined.
[0084] For example, if each pixel is represented with
8 bits, a pixel hr(x,y) of the provisional high-resolution
image HR(0) will be left unchanged when

where the predetermined threshold value T is pref-
erably equal to about 10 or, better still, equal to about 5.

DU(x, y)= Max(x, y) - Min(x, y) < T
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[0085] Experimental results have also shown that a
substantial computational saving can be obtained if,
over and above the pixels having a small uncertainty val-
ue associated with them, there are left unchanged also
the pixels of the provisional high-resolution image HR(0)

obtained by combining homologous pixels that are as-
sociated with a range of digital values that are not readily
perceived by the human visual system. These pixels will
typically form part of regions that either highly illuminat-
ed (saturation regions) or particularly dark (noisy re-
gions).
[0086] For example, if each pixel is represented with
8 bits, a pixel hr(x,y) of the provisional high-resolution
image HR(0) will be left unchanged when

or when

where, preferably, the predetermined threshold
value S will substantially lie within the range [5-10] and
the predetermined threshold value L will substantially lie
within the range [225-230].
[0087] These computational optimisations of the
processing method for obtaining a high-resolution im-
age are performed only once during the first step of the
iteration procedure and, more precisely, after or during
the phase of obtaining the provisional high-resolution
image HR(0).
[0088] According to a preferred embodiment of the in-
vention, before processing the provisional image HR(0)

or, more precisely, before modifying the pixels of this im-
age that are to be improved, there is performed an error
calculation operation or phase to associate a respective
error with at least a part of the pixels of the provisional
image HR(0). In particular, said calculation phase pro-
vides an error to associate with each of the pixels of this
image that are to be improved.
[0089] Going into greater detail, the error calculation
phase in accordance with the invention makes it possi-
ble to associate a respective error of a first type with a
part of the pixels that are to be improved, said error be-
ing calculated in accordance with conventional tech-
niques of the "back projection" type. For the sake of sim-
plicity we shall henceforth refer to errors of this type by
means of the term "standard error".
[0090] A standard error es tan d can be calculated, for
example, on the bases of the differences between cor-
responding pixels (for example, the differences between
their luminance values) forming part, respectively, of ac-
quired low-resolution images and the corresponding
projected images.
[0091] In particular, the error can be calculated for a
given pixel of the provisional high-resolution image on

Max(x,y) < S

Min(x,y) > L

the basis of the differences between the pixels of the
low-resolution images (acquired and projected) that in-
fluence the given pixel.
[0092] Referring to Figures 3 and 4, since the pixel hr
(3,2) of the provisional high-resolution image, for exam-
ple, is influenced by the pixels p3 and s1 of the low-res-
olution images, the respective standard error to be as-
sociated with it can be calculated on the basis of the
differences:

and

[0093] For example, the standard error could be ob-
tained from an operation that combines these differenc-
es. The combination will preferably be a mean of the
absolute values of the differences or a mean of the
squares of these differences.
[0094] The standard error es tan d (3,2) to be associat-
ed with, for example, the pixel hr(3,2) of the provisional
image HR(0) could be calculated as follows:

[0095] According to the present invention, the error to
be associated with a pixel of the provisional image could
be a respective error of the standard type or, alternately,
an error of a second type, to which we shall henceforth
refer as the local error eloc.
[0096] Advantageously, the local error eloc can be cal-
culated for a given pixel of the provisional high-resolu-
tion image by using the errors already calculated and
associated with other pixels of the provisional image sit-
uated in the immediate vicinity of the pixel in question.
For example, the local error eloc for a given pixel can be
calculated by using the errors already associated with
pixels situated in a neighbourhood around this pixel.
[0097] In greater detail, the local error eloc for a given
pixel can be calculated, for example, as the mean of the
errors associated with pixels situated in the vicinity of
said pixel.
[0098] According to possible variants of the invention,
the local error eloc for a given pixel can be calculated as
the largest or the smallest of the errors associated with
pixels situated in the vicinity of said pixel.
[0099] For example, Figure 5a shows, respectively,
the pixel matrix of the provisional high-resolution image
HR(0) and an error matrix E(0) containing errors associ-
ate with the pixels of the provisional high-resolution im-
age HR(0) in the calculation phase. In the error matrix

dp = p3 - p
^
3(0)

ds = s1-s
^
1(0).
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E(0) the errors are arranged in positions corresponding
to the pixels of the provisional image with which they are
associated.
[0100] In a preferred embodiment of the invention the
error calculation phase associates the respective errors
with the pixels of the provisional image by means of a
systematic scanning of the provisional matrix from left
to right and from top to bottom. In the example shown
in Figure 5a, we may assume that the calculation phase
associates with the pixel hr (1, 1) a respective error e
(1,1), for example, of the standard type, i.e. e(1,1)
=es tan d (1,1). Similarly, respective errors e(1, 2)=
es tan d (1,2) and e(1,3) = es tan d(1,3) of the standard
type will be associated with the pixels hr(1, 2) and hr(1,
3). Figure 5a does not associate an error with pixel hr
(1, 4), because - for example - this pixel does not form
part of the set of pixels that are to be improved. The
corresponding box of the error matrix E(0) is marked with
an X to indicate that it does not contain an error value.
Thereafter the calculation phase scans the second row
of the provisional matrix HR(0), assigning a respective
error of the standard type e(2,1)=es tan d(2,1) to the pixel
hr(2,1). With the next pixel hr(2,2), on the other hand,
there is associated an error e(2,2)=eloc(2,2) of the local
type, i.e. calculated on the basis of previously calculated
adjacent errors. For example, this error may be calcu-
lated as the mean of the previously calculated adjacent
errors, i.e.:

[0101] In particular, in this example the error of the
local type e(2,2) is calculated by using the previously
calculated adjacent errors situated within a neighbour-
hood having a radius of one pixel around the pixel in
question.
[0102] Referring now to Figure 5b, calculation of the
error e(2,2) is followed by calculating an error e(2,3)
=eloc(2,3) (of the local type) associated with the pixel hr
(2,3) and obtained as the following mean:

[0103] It should be noted that in this case the error
associated with the pixel hr(1,4) does not appear in the
mean, because - as already mentioned - this pixel is not
to be improved and therefore does not have an error
associated with it. It should also be noted that a local
error may be obtained by using previously calculated er-
rors of both the local type and the standard type.

e(2,2) =eloc(2,2)=e(1,1)+e(1,2)+e(1,3)+e(2,1)
4

--------------------------------------------------------------------------- =

=
es tan d(1,1)+es tan d(1,2)+es tan d(1,3)+es tan d(2,1)

4
---------------------------------------------------------------------------------------------------------------------------------------.

e(2,2) =eloc(2,3)=e(1,2)+e(1,3)+e(2,2)
3

------------------------------------------------------- =

=
es tan d(1,2)+es tan d(1,3)+es tan d(2,2)

3
----------------------------------------------------------------------------------------------------.

[0104] The type of error to be associated with a given
pixel may be chosen on the basis of various criteria that
in the light of the present description are readily appar-
ent to a person skilled in the art. For example, one could
choose to associate an error of the standard type with
pixels situated substantially near the edges of the pro-
visional high-resolution image (for example, with the pix-
els of the first row, the last row, the first column and the
last column) and an error of the local type with all the
remaining pixels.
[0105] Once the error calculation phase has been ter-
minated, the provisional image HR(0) is at least partially
processed by modifying the pixels on the basis of the
respective error associated with them. In a preferred
embodiment, for example, each pixel is modified by add-
ing to it the respective error associated with it.
[0106] In this way one obtains a provisional high-res-
olution image HR(1) that can be repeatedly projected
(generating a respective plurality of improved low-reso-
lution images) and improved.
[0107] Iterating this improvement/projection process
in which the plurality of starting images is not modified,
while the further plurality and the provisional image are
at least partly modified at each step, one obtains a final
high-resolution image. As a general rule, the method ter-
minates after a few iterations.
[0108] As already mentioned, the processing method
terminates when no further improvement can be ob-
tained or a possible further improvement would not pro-
duce any appreciable results. More particularly, with a
view to increasing the speed and stability of the method,
a pixel of the provisional high-resolution image will un-
dergo no further modification, i.e. will be left unchanged
in the iteration process, when the error associated with
it becomes smaller than a predetermined threshold.
[0109] In another possible embodiment a high-reso-
lution pixel will undergo correction/modification in a giv-
en iteration step only if the error associated with that
pixel and calculated in that particular iteration step is
smaller than the error calculated in the previous step,
failing which the pixel will be left unchanged in all sub-
sequent iteration steps. To this end it would be sufficient
to keep track of the errors calculated in the previous step
by means of, for example, an appropriate matrix. This
matrix could be initialised before commencing the error
calculation phase of the first iteration by forcing all its
elements to a value equal to the maximum error that
could theoretically be incurred. For example, if the meth-
od operates on the luminance component Y of the pixels
and if each pixel of the provisional image memorizes the
luminance information with 8 bits, the error that could
be incurred in the worst case would be equal to the max-
imum value that could be represented with 8 bits, i.e.
255.In that case the matrix keeping track of the errors
will be initialized by forcing all its elements to 255.
[0110] Advantageously, another variant of the method
in accordance with the invention could operate in such
a way that:
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- the pixels for which a standard error is to be calcu-
lated and the pixels for which a local error is to be
calculated are initially predetermined, for example:
an error of the standard type is calculated for the
pixels situated near the edges of the provisional im-
age;

- as regards the pixels for which a local error is to be
calculated, the procedure at each iteration step, pix-
el by pixel, is as follows: for each pixel it is first as-
certained whether the respective calculated local
error is smaller than the error associated with the
given pixel in the previous iteration. If this condition
is satisfied, the calculated local error is associated
with the pixel. But if the condition is not satisfied, an
error of the standard type is calculated for the pixel
in question, subsequently ascertaining whether this
error is smaller than the error associated with pixel
in the previous iteration. If this condition is complied
with, the standard error is associated with the pixel,
otherwise it is decided that the pixel is not to under-
go any further modification.

[0111] Experimental results have shown that with the
present invention, thanks to the calculation of an error
of the local type, the number of necessary iterations is
considerably reduced as compared with a "back projec-
tion" approach of the traditional type and that the results
obtained are also satisfactory in terms of quality. Advan-
tageously, in particular, the method in accordance with
the invention will typically require no more than two iter-
ations, while an approach of the traditional type may at
times require more than five.
[0112] An explanation of this result can be obtained
when one bears in mind the fact that, due to the very
nature of the acquisition process, the error incurred in
the provisional image as compared with the final high-
resolution image is an error that varies only slowly in the
pixel domain, i.e. remains substantially uniform in the
vicinity of a pixel. In this way, exploiting the available
information regarding the errors incurred in the vicinity
of a pixel, one statistically assures a more reliable error
calculation and succeeds in impressing a uniform direc-
tion upon the processing/improvement procedure, thus
avoiding the process being unduly prolonged by local
divergences.
[0113] Thanks to the valuation of the uncertainty,
moreover, the solution in accordance with the invention
obtains a considerable reduction of the number of pixels
that have to be corrected/modified already at the first
iteration. This leads to a significant reduction of the com-
putation cost. The method in accordance with the
present invention can thus be advantageously used in
applications that call for real-time processing capacities.
[0114] It should be noted that the teachings of the
present invention regarding the calculation of the error
of the local type can be applied to "back projection"
methods of the conventional type that, like the Irani-Pe-
leg method cited hereinabove, do not employ the crite-

rion of further optimisation based on an uncertainty val-
uation.
[0115] Experimental trials have shown that, when the
pixels of the provisional image that are to be modified/
improved are selected on the basis of an uncertainty es-
timate, the number of pixels that have to be modified/
improved in the first iteration will typically be equal to
50% of the total number of pixels. This number decreas-
es exponentially in subsequent iterations.
[0116] The graphs of Figures 6a and 6b refer to the
results obtained for, respectively, a first and a second
image that are different from each other and both have
a high spectral content and propose a comparison in
terms of quality between the method in accordance with
the present invention, which in the figure is referred to
as "local error back projection", and a classic back pro-
jection method such as the Irani-Peleg method, indicat-
ed in the figure as "classic back projection". The results
of Figures 6a and 6b are expressed in terms of PSNR
(Peak-to-Peak Signal to Noise Ratio). The PSNR is a
standard-type measure and indicates the signal quantity
as compared with the introduced noise quantity. It is im-
portant to note that, as can readily be seen from the
graphs, the method in accordance with the present in-
vention not only calls for a smaller number of iterations
and a smaller number of processings in each iteration,
but also provides a performance in terms of quality that
is superior to what can be obtained by means of con-
ventional techniques.
[0117] In particular, for the image of Figure 6a the
PSNR value obtained by means of the method in ac-
cordance with the invention was greater than 35 dB,
whereas the conventional method yielded a PSNR of
the order of 33 dB. In Figure 6b, again, the method in
accordance with the invention obtained a PSNR value
equal to 26.36 dB, while the corresponding PSNR ob-
tained with the conventional method amounted to about
25.87 dB.
[0118] The results in terms of quality obtained by
means of the invention may be explained by the fact that
this method, selecting the pixels to be modified on the
basis of their uncertainty content, does not tend to
render homogeneous or, to use another term, does not
"smoothe" zones of the image that are almost "certain"
and therefore do not have to be processed, this avoiding
the introduction of (additional) noise.
[0119] Another reason why the proposed method as-
sures excellent performance as compared with the clas-
sic back projection methods is due to the fact that the
latter provide good results if they have at their disposal
an accurate model of the acquisition process/device.
When they use less accurate models such as the simple
average formation mentioned in the present description,
the classic methods no longer succeed in assuring bet-
ter performances than the method in accordance with
the invention. This aspect is of great importance when
one bears in mind that the method in accordance with
the present invention is particularly suitable for being im-
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plemented in commercial devices, which are usually ex-
pected to possess a certain versatility and to be simple
in use, characteristics that could not be obtained if the
performance were to be critically dependent on the cho-
sen model.
[0120] Obviously, a person skilled in the art, especial-
ly when having to satisfy contingent and specific needs,
could introduce numerous modifications and variants in-
to the processing method for obtaining a high-resolution
digital image as described hereinabove, though these
would still remain within the protection limits of the in-
vention as defined by the claims set out hereinbelow.

Claims

1. A method for obtaining a high-resolution digital im-
age from a plurality of starting images (P,S) formed
by pixel matrices acquired at a lower resolution,
said method comprising the phases of:

- combining the plurality of starting images (P,S)
to generate a provisional high-resolution image
(HR(0)) formed by a pixel matrix,

- carrying out a calculation operation to associ-
ate a respective error with at least a part of the
pixels of the provisional image (HR(0)), said cal-
culation operation providing a first error asso-
ciated with at least one first pixel,

- at least partially processing the provisional im-
age (HR(0)) by modifying pixels of this image on
the basis of their respective associated errors,

characterized in that said calculation opera-
tion includes the phase of:

- calculating a second error to associate with at
least one second pixel situated in the vicinity of
said first pixel in the matrix (HR(0)), said second
error being calculated by using the first error as-
sociated with said at least one first pixel.

2. A method in accordance with Claim 1, wherein the
at least one first pixel is adjacent to the at least one
second pixel in said pixel matrix (HR(0)).

3. A method in accordance with Claim 1, wherein the
at least one first pixel includes a plurality of pixels.

4. A method in accordance with Claim 3, wherein the
second error to associate with the at least one sec-
ond pixel is calculated as an arithmetic mean of the
errors of said plurality of pixels.

5. A method in accordance with Claim 3, wherein the
second error to associate with the at least one sec-
ond pixel is equal to the greatest of the errors of said
plurality of pixels.

6. A method in accordance with Claim 3, wherein the
second error to associate with the at least one sec-
ond pixel is equal to the smallest of the errors of
said plurality of pixels.

7. A method in accordance with Claim 1, comprising
also, after said phase of combining the starting im-
ages, a phase of:

- producing from the provisional image (HR(0)) a
further plurality of low-resolution images (P

^
(0),

S
^

(0)), each of said images corresponding to a
respective image of the plurality of starting im-
ages,

and wherein said phase of at least partial-
ly processing the provisional image is such as
to reduce a difference between corresponding
images of the plurality of starting images (P,S)
and said further plurality (P

^
(0), S

^
(0)).

8. A method in accordance with Claim 7, wherein the
first error is calculated on the basis of differences
between corresponding pixels forming part of, re-
spectively, images of the starting plurality (P,S) and
corresponding images of the further plurality (P

^
(0),

S
^

(0)).

9. A method in accordance with Claim 1, wherein the
first error is calculated by using a third error asso-
ciated with a third pixel situated in the vicinity of said
first pixel.

10. A method in accordance with Claim 1, comprising
also, after said phase of combining the starting im-
ages, a phase of associating with pixels of the pro-
visional image a respective measure representing
the uncertainty of the pixels, and wherein said
processing phase comprises a phase of leaving un-
modified at least a subset of pixels of the provisional
image with which there is associated a respective
uncertainty measure smaller than a predetermined
threshold value.

11. A method in accordance with Claim 10, wherein in
said phase of combining to generate the provisional
image each pixel of the provisional image is ob-
tained by combining values of homologous pixels
of said starting images and wherein said uncertainty
measure associated with the respective pixel is ob-
tained on the basis of digital values of the homolo-
gous pixels of the starting images.

12. A method in accordance with Claim 11, wherein said
phase of combining to generate the provisional im-
age is an operation of averaging digital values
among homologous pixels of the starting images.

13. A method in accordance with Claim 10, wherein
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said phase of associating an uncertainty measure
with a pixel comprises a phase of statistically char-
acterizing the distribution of the homologous pixels
of the starting images that generated said pixel in
the combination phase.

14. A method in accordance with Claim 10, wherein
said uncertainty measure of a pixel of the provision-
al image is correlated with the difference between
the maximum value and the minimum value of the
digital values of the homologous pixels of the start-
ing images that generated said pixel in the combi-
nation phase.

15. A method in accordance with Claim 1, wherein said
staring images are representative of one and the
same real scene and portray different and at least
partially superposed portions that are misaligned
with respect to each other and wherein said method
also comprises a phase of estimating the mutual
misalignment of the starting images, said estimat-
ing phase preceding the combination phase.

16. A method in accordance with Claim 15, wherein
said estimating phase is realized with a technique
of the global motion type.

17. A method in accordance with Claim 15, wherein
said estimating phase is realized with a technique
of the local motion type.

18. A method in accordance with Claim 1, comprising
also a phase of expanding the starting images to a
resolution substantially equal to the resolution of the
provisional image and wherein said expansion
phase precedes the combination phase.

19. A method in accordance with Claim 18, wherein
said expansion phase replicates pixels of the start-
ing images.

20. A method in accordance with Claim 1, wherein said
processing phase also comprises a phase of leav-
ing unmodified pixels of the provisional image ob-
tained by combining homologous pixels of the start-
ing images and having a range of digital values not
readily perceived by the human visual system.

21. A method in accordance with Claim 7, wherein said
production phase is realized by simulating the ac-
quisition process of the plurality of low-resolution
starting images.

22. A method in accordance with Claim 21, wherein
said production phase comprises an operation of
averaging pixel blocks of the provisional image to
obtain individual pixels in the images of the further
plurality.

23. A method in accordance with Claim 1, wherein the
starting images are in un YCrCb format that in-
cludes a luminance component and two chromi-
nance components and wherein each pixel is asso-
ciated with three 8-bit digital values.

24. A method in accordance with Claim 23, wherein
said production and processing phases are carried
out only for the luminance component Y of the start-
ing images.

25. A method in accordance with Claim 1, wherein the
processing phase comprises iteratively the phases
of:

- modifying pixels of the provisional image to
render said error smaller than a threshold error,
the modification phase generating an improved
provisional image, said high-resolution image
being obtainable from said improved provision-
al image,

- generating from said improved provisional im-
age a plurality of improved low-resolution im-
ages, each corresponding to a respective im-
age of the plurality of starting images,

- evaluating for at least a part of the pixels of the
improved provisional image a respective error
correlated with the difference between corre-
sponding images of the plurality of starting im-
ages and said plurality of improved low-resolu-
tion images.

26. An acquisition device (1) for acquiring a high-reso-
lution digital image by processing a plurality of star-
ing images acquired in accordance with the method
of anyone of the preceding claims.
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