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(54) Method and apparatus for performing depth estimation

(57) A method of performing depth estimation, the
method comprising: estimating, at a higher spatial reso-
lution of images, a global disparity map based on disparity
between corresponding pixels of a stereo disparity map
obtained from images forming a stereo image set asso-
ciated with a passive depth estimation technique and an

active depth map associated with an active depth esti-
mation technique, wherein the disparity is estimated with-
in a restricted range determined based on a disparity
previously estimated between a stereo disparity map and
an active depth map corresponding to a lower spatial
resolution of the said images and map.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a method and an apparatus for performing depth estimation in 3D imaging.

BACKGROUND

[0002] Acquiring depth information in a scene is one of the most fundamental and challenging problems in imaging.
The estimation of the depth of an object in a scene finds many applications in areas such as robotics, gaming, gesture
recognition, 3D visual entertainment and the like. In particular, depth information can bring added value to recorded
images for Television and Cinema production. Indeed, information related to the depth of objects in a scene is useful
for different purposes, such as visual effects and conversion of images from 2D-to-3D for 3D screening. Depth information
is also useful for view synthesis at the viewing end, for example, to adapt the image content to the stereoscopic display
used. Depth information can be delivered with the corresponding image data in the video stream, to the device rendering
the images.
[0003] Techniques for acquiring depth information can generally be classified into two types: passive methods in which
multiple cameras are used to record images of a scene from multiple different view-points and disparity estimation is
performed using the acquired stereo images, and active methods in which depth is estimated based on active illumination
of the scene and object reflection. For active methods Time-of-Flight (ToF) or structured light devices may be used. A
ToF camera measures the phase shift of the reflected light relative to its modulated light source and calculates the
distance between the camera and the observed objects. Each type of technique has its own advantages and drawbacks.
Passive methods have been well-studied and only require video images. They are erroneous, however, in occluded
regions (regions of the scene which are not visible from the selected viewpoints) and inaccurate in poor-textured regions
(for example regions of uniform colour). Active methods, on the other hand, can provide accurate measurements in
these critical areas but present other technology-specific limitations. For example, ToF devices produce dense depth
maps but with very low resolution. On the other hand, structured light devices provide stable measurements with higher
image resolution, but present holes in areas where the pattern cannot be detected, such as structured light shadows,
absorptive, transparent and reflective material, as well as slanted surfaces.
[0004] Considerable attention has been dedicated to combining active and passive methods in the last few years, with
the spread of affordable depth sensing devices. The proposed methods however are complex and time consuming. The
present invention has been devised with the foregoing in mind.

SUMMARY

[0005] According to a first aspect of the invention there is provided a method of processing image data of a scene to
provide depth information of the scene, the method comprising:

providing, at a plurality of spatial resolution levels, a set of stereo images of the scene corresponding to a passive
depth estimation technique, and an active depth map corresponding to an active depth estimation technique;

obtaining, at a higher spatial resolution of the stereo images and respective active depth map, a global disparity
map (245) based on an estimated stereo disparity between corresponding pixels of the respective set of stereo
images at the said higher spatial resolution and on a determined consistency between the estimated stereo disparity
and the respective active depth map of the scene at the higher spatial resolution; and

wherein the disparity values of the global disparity map at the higher spatial resolution are each estimated within a
restricted disparity range determined based on disparity values of a global disparity map previously estimated for
a corresponding set of stereo images and active depth map of the scene at a lower spatial resolution.

[0006] The invention benefits from the respective advantages associated with the complementary active and passive
techniques. Passive disparity estimation and active depth acquisition are merged to provide robust and high-quality
depth maps. Processing according to a hierarchical framework enables the process to be speeded up since disparity
estimation from a previous level of spatial resolution may be exploited to restrict the disparity estimation at a higher level.
[0007] In an embodiment the global disparity map is obtained according to the minimization of a cost function based
on the estimated stereo disparity between corresponding pixels of the respective set of stereo images at the said higher
spatial resolution and on the determined consistency between the estimated stereo disparity and the respective active
depth map of the scene at the higher spatial resolution. In an embodiment the global disparity map for a current resolution
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level is determined based on the reliability of active sensor depth of the current spatial resolution level and the stereo
matching of the previous lower resolution level.
[0008] In an embodiment the method further comprises determining, at the lower resolution level, a matching reliability
parameter representative of the reliability of matching between the respective stereo images, wherein the matching
reliability parameter acquired at the lower resolution level is used in the cost function as a weighting factor of the estimated
stereo disparity at the higher spatial resolution level.
[0009] By using the matching reliability parameter already determined at a lower level of spatial resolution, processing
at the higher level of spatial resolution can be performed more rapidly.
[0010] The set of stereo images includes two or more stereo images. In one particular embodiment the set of stereo
images includes three stereo images.
[0011] In an embodiment the method further comprises obtaining at the higher spatial resolution an active reliability
parameter representative of the reliability of the active depth estimation technique for a respective pixel of the active
depth map at the higher spatial resolution and wherein the active reliability parameter obtained at the higher resolution
level is used in the cost function as a weighting factor of the determined consistency at the said higher spatial resolution
level.
[0012] In an embodiment the disparity for the global disparity map is determined based on the minimization of the cost

function  the cost function for a pixel p at a spatial resolution k being expressed as 

where  is representative of stereo disparity between the pair of stereo images;  refers to the matching

reliability calculated at a previous level of lower resolution k-1 for corresponding stereo images;  is represent-

ative of the consistency between the estimated stereo disparity and the respective active depth map;  refers

to the active reliability parameter representative of the reliability of the active depth estimation technique.
[0013] In an embodiment the consistency between the estimated stereo disparity and the respective active depth map
is expressed as 

where  is the disparity computed at resolution level k from the depth acquired at pixel p in the active depth

map and d is the corresponding disparity estimated from the set of stereo images.
[0014] In an embodiment the method further comprises at a given level of spatial resolution determining a global
reliability factor representative of the reliability of a fusion of the active depth map and the corresponding estimated
stereo disparity at the given level of spatial resolution.
[0015] According to a second aspect of the invention there is provided an image processing device for processing
image data of a scene to provide depth information of the scene, the device comprising a processor configured to:

obtain, at a plurality of spatial resolution levels, a set of stereo images of the scene corresponding to a passive depth
estimation technique, and an active depth map corresponding to an active depth estimation technique;

obtain, at a higher spatial resolution of the stereo images and respective active depth map, a global disparity map
(245) according to a cost function based on an estimated stereo disparity between corresponding pixels of the
respective set of stereo images (201_1, 201_2) at the said higher spatial resolution and on a determined consistency
between the estimated stereo disparity and the respective active depth map (202) of the scene at the higher spatial
resolution; and
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wherein the disparity values of the global disparity map (245) at the higher spatial resolution are each estimated
within a restricted disparity range determined based on disparity values of a global disparity map previously estimated
for a corresponding set of stereo images (211_1, 211_2) and active depth map (212) of the scene at a lower spatial
resolution.

[0016] In an embodiment the processor is configured to determine, at the lower resolution level, a matching reliability
parameter representative of the reliability of matching between the respective stereo images, wherein the matching
reliability parameter acquired at the lower resolution level is used in the cost function as a weighting factor of the estimated
stereo disparity at the higher spatial resolution level.
[0017] In an embodiment the processor is configured to obtain at the higher spatial resolution an active reliability
parameter representative of the reliability of the active depth estimation technique for a respective pixel of the active
depth map at the higher spatial resolution and wherein the active reliability parameter obtained at the higher resolution
level is used in the cost function as a weighting factor of the determined consistency at the said higher spatial resolution
level.
[0018] In an embodiment the processor is configured to determine the disparity for the global disparity map based on

the minimization of the cost function  the cost function for a pixel p at a spatial resolution k being expressed

as 

where  is representative of stereo disparity between the pair of stereo images;  refers to the matching

reliability calculated at a previous level of lower resolution k-1 for corresponding stereo images;  is represent-

ative of the consistency between the estimated stereo disparity and the respective active depth map;  refers

to the active reliability parameter representative of the reliability of the active depth estimation technique.
[0019] In an embodiment the processor is configured to determine the consistency between the estimated stereo
disparity and the respective active depth map according to the following expression: 

where  is the disparity computed at resolution level k from the depth acquired at pixel p in the active depth

map and d is the corresponding disparity estimated from the set of stereo images.
[0020] In an embodiment the processor is configured to, at a given level of spatial resolution, determine a global
reliability factor representative of the reliability of a fusion of the active depth map and the corresponding estimated
stereo disparity at the given level of spatial resolution.
[0021] In an embodiment the set of stereo images includes three stereo images.
[0022] At least parts of the methods according to the invention may be computer implemented. Accordingly, the present
invention may take the form of an entirely hardware embodiment, an entirely software embodiment (including firmware,
resident software, micro-code, etc.) or an embodiment combining software and hardware aspects that may all generally
be referred to herein as a "circuit", "module" or "system’. Furthermore, the present invention may take the form of a
computer program product embodied in any tangible medium of expression having computer usable program code
embodied in the medium.
[0023] Since the present invention can be implemented in software, the present invention can be embodied as computer
readable code for provision to a programmable apparatus on any suitable carrier medium. A tangible carrier medium
may comprise a storage medium such as a floppy disk, a CD-ROM, a hard disk drive, a magnetic tape device or a solid
state memory device and the like. A transient carrier medium may include a signal such as an electrical signal, an
electronic signal, an optical signal, an acoustic signal, a magnetic signal or an electromagnetic signal, e.g. a microwave
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or RE signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Embodiments of the invention will now be described, by way of example only, and with reference to the following
drawings in which:

FIG. 1 is a block diagram illustrating an example of a system for providing depth estimation in accordance with a
first embodiment of the invention;
FIG. 2 is a block diagram illustrating steps of a method for providing depth estimation in accordance with an em-
bodiment of the invention;
FIG. 3 is a block diagram schematically illustrating en example of image and map down sampling in accordance
with a first embodiment of the invention;
FIG. 4 is a block diagram illustrating steps of a process at a lower resolution level for providing disparity and reliability
data to a higher level of resolution in accordance with an embodiment of the invention;
FIG. 5 is a block diagram illustrating steps of a process at a higher resolution level for providing disparity and reliability
data to a further higher level of resolution in accordance with an embodiment of the invention;
FIG. 6 is a block diagram illustrating an example of a system for providing depth estimation in accordance with a
second embodiment of the invention;
FIG. 7 is a block diagram illustrating steps of a method for providing depth estimation in accordance with the second
embodiment of the invention; and
FIG. 8 is a block diagram illustrating a system in which embodiments of the invention may be implemented.

DETAILED DESCRIPTION

[0025] Figure 1 is a schematic block diagram illustrating components of a system for estimating depth information in
a scene according to a first embodiment of the invention. With reference to Figure 1, the depth estimation system 10
comprises a set of passive depth sensor type cameras 11_1 and 11_2 for acquiring images of the same scene S from
different view-points in order to provide multiple views or stereo images. A camera of active depth sensor type 12 is
provided to illuminate an object in the scene S with a pattern of structured light, and to obtain in response an active
depth map. A processing unit 15 is provided to process the data from the stereo cameras 11_1 and 11_2 and the active
type camera 12, to estimate depth information. After processing, images containing depth information may be displayed
on display device 18. For example using the estimated depth information, 3D images may be displayed. It will be
appreciated, however that in some embodiments of the invention the depth information may be transmitted to a remote
device. In such cases the depth information may be encoded prior to transmission to the remote device.
[0026] Passive range sensor type cameras 11_1 and 11_2 provide a pair of stereo images for performing disparity
estimation. The term disparity generally describes the offset of a pixel in an image taken from one of the stereo cameras
relative to the corresponding pixel of the corresponding image taken from the other of the stereo cameras. The offset
relationship between the two corresponding pixels is used to determine the depth of an associated 3D point in the scene.
In practice disparity is inversely proportional to the depth z (distance of an object from the camera), such that a small
disparity value corresponds to a large depth distance in the recorded scene.
[0027] Corresponding pixels, as used in the present disclosure, refer to pixels of each stereo image of a set associated
with the same point of a 3D object in a scene. A plurality of disparity values for a stereo set of images are stored in a
data structure referred to as a disparity map. A disparity map associated with a set of stereo images provides the pixel
to pixel correspondence between corresponding pixels in the two images. Indeed, the disparity map associated with a
stereo set of images represents a two-dimensional (2D) function, d(x, y), that maps pixel coordinates (x, y) in one of the
images to disparity values (d). The disparity value d corresponding to any pixel coordinate in an image of the stereo pair
corresponds to the shift in terms of pixel coordinates that needs to be applied to find the corresponding pixel in the other
image of the stereo pair of images.
[0028] As an example, satellite Iconix Studio 2K™ cameras may be used as passive range sensor type cameras 11_1
and 11_2.
[0029] The active range sensor type camera provides a depth map by illuminating objects in the scene S with a pattern
of structured light. As an example a PrimeSense Kinect™ device may be used as the active range sensor type camera
12 to provide depth measurements. In one particular embodiment the active range sensor type camera 12 is arranged
over the passive sensor type cameras 11_1 and 11_2.
[0030] Figure 2 is a schematic block diagram illustrating steps of a method carried out by processing unit 15 for
performing depth estimation in accordance with an embodiment of the invention. Inputs to the processing unit 15 include
the pair of stereo images 201_1 and 201_2 obtained by the passive sensor type cameras 11_1 and 11_2, and the depth
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map 202 obtained by active sensor type camera 12.
[0031] The overall process implements a hierarchical style processing in which disparity estimations are performed
from a low (coarse) level of image resolution to one or more higher levels of image resolution, resolution level by resolution
level. The processing at a higher (finer) level of resolution disparity data uses disparity data and reliability data obtained
from processing at a lower resolution level. The disparity data obtained at a lower level of resolution is used to limit the
estimation range of disparity at a higher level of resolution. This is done by refining, at each successive level of resolution,
the calculation of disparity around the corresponding disparity value computed at the previous level of resolution. Reliability
estimated at a lower level of resolution is used in the calculation of disparity at a higher level of resolution. Figure 4 is a
schematic block diagram illustrating processing steps at a lower resolution level of the process. Figure 5 is a schematic
block diagram illustrating processing steps at a higher resolution level of the process.
[0032] As an initial step of the process the stereo images 201_1 and 201_2 and the depth map 202 are spatially filtered
and down sampled in step S210 to corresponding stereo images 211_1 and 211_2 and a depth map 212 at a first lower
resolution level. The resolutions of the stereo images 201_1 and 201_2 may differ to the resolution of the depth map
202 obtained from the active sensor type camera. In such a case scaling is performed so that each 2D data set has the
same resolution. In the case of a depth map obtained from a Kinect type active sensor device, for example, applying an
active technique hole filling may be performed extending background values horizontally and vertically.
[0033] Figure 3 illustrates an example of a hierarchical multi-resolution framework in which original images obtained
at level k+1 are down-sampled to a level of lower spatial resolution, level k, and to a lower level of further lower spatial
resolution level k-1. Although the example of Figure 3 illustrates 3 levels of spatial resolution, it will be appreciated that
in embodiments of the invention any number N of levels of spatial resolution of corresponding images may be obtained
by down-sampling the recorded stereo images and depth map.
[0034] The stereo images and corresponding depth map of lower resolution are processed before the stereo images
and corresponding depth map at higher spatial resolution. Steps S220 and S230 are performed at lower spatial resolution
(LR). In step S220 a reliability estimation is performed on the down-sampled and filtered depth map 212. The outcome
of step S220 is a 2D data set of reliability values, referred to as a depth reliability map 203. The accuracy of a ToF
camera for example may be influenced by environmental conditions such as lighting or the colour and characteristics
of the objects being imaged. The depth reliability map gives an insight into the accuracy and is used to provide weighting
factors in the cost function used to determine disparity map 242 at that level of spatial resolution.
[0035] In step S230, as schematically illustrated in Figures 2 and 4, a process of stereo matching is performed. Inputs
to the stereo matching step include the down sampled and filtered pair of stereo images 211_1 and 211_2, the down
sampled and filtered depth map 212, and the depth reliability map 203 obtained from step S220. At the lowest level of
spatial resolution, disparity is estimated within a determined range of disparity values which may for example by preset
or specified by the user. The stereo matching process generates a disparity map 225 of disparity values for pixels of the
down-sampled stereo images. A matching reliability estimation is also performed in step S230 to provide a matching
reliability map 235. The lower resolution disparity map 225 and the lower resolution matching reliability map 235 are
output from step S230 for processing at the next higher level of resolution (HR). The matching reliability map is used to
provide weighting factors in the cost function used to determine disparity map 245 at the next higher level of spatial
resolution. Indeed at each level of spatial resolution k matching reliabilities are computed and stored for the next level
of spatial resolution k+1.
[0036] At the higher level of resolution (HR) higher resolution versions of stereo images 201_1 and 201_2 and the
depth map 202 are input to the processing step. The higher resolution datasets may, as illustrated in Figure 2, correspond
to the resolution of the stereo images 201_1 and 201_2 and the depth map 202 as obtained from passive cameras 11_1
and 11_2 and active camera 12, or they may be down-sampled versions at a higher resolution than the first lower level
of resolution. In step S240 a higher resolution reliability map 213 is obtained from the higher resolution depth map 202.
[0037] In step S250 a process of stereo matching is performed at the higher level of resolution. With reference to
Figure 2 and 5 inputs to the stereo matching step include the higher resolution stereo images 201_1 and 201_2, the
higher resolution depth map 202, and the higher resolution reliability map 213 obtained from the depth reliability estimation
step S240. The lower resolution disparity map 225 and the lower resolution matching reliability map 235 obtained from
the processing of the previous lower resolution level (LR) are also input to processing step S250. The lower resolution
disparity map 225 is used to limit the range of values applied for the estimation of the disparity values in step S250. This
enables the speed of the process to be increased for each disparity estimation since the estimation process is limited
to values in a limited range around the corresponding disparity obtained at the previous resolution level. The matching
reliability map 235 of the lower resolution level is used in the stereo matching calculation of the higher resolution level
which also helps to speed up the stereo matching process since there is no need to await the estimation of the matching
reliability at the higher level of resolution. The output of the constrained stereo matching depth processing step is a
disparity map 245 and a matching reliability map 255 at a higher resolution than the corresponding outputs of the previous
resolution level. The output disparity map 245 and matching reliability map 255 may in turn be processed at the next
higher level of resolution for a corresponding stereo matching process.
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[0038] The stereo matching process for depth estimation in steps S230 and S250 includes the following calculations.
[0039] At each successive resolution level k (where the lower the value of k, the lower/coarser the level of resolution)
a disparity map is estimated using the corresponding pair of stereo images (for example 211_1 and 211_2 or 201_1

and 201_2) and the depth map (212 or 202) by minimizing for each pixel p, a global energy term  acting

as a cost criterion. The disparity dk(p) of pixel p is thus estimated to minimize its global energy  as follows: 

[0040] The operation is performed for every pixel in order to provide a disparity map.

[0041] The global energy function  is a weighted sum of a matching term  corresponding to

a matching error for the pair of stereo images and a consistency term  associated with the active type sensor.

Each term is weighted with a respective reliability or confidence coefficient R: 

where λ > 0 is a gain parameter used to make both energy terms consistent.

[0042] Passive matching term  corresponds to a matching error for the pair of stereo images. The matching

term  used in the stereo matching step S230 or S250 may for example be obtained by applying mathematical

matching techniques such as the Sum of Absolute Differences (SAD), the Sum of Squared Differences (SSD), or the
Zero-mean SSD (ZmSSD), etc.
[0043] In one embodiment the technique of Zero-mean Sum of Squared Differences (ZSSD) is used for the matching

term  For example, in the case of a stereo pair of images referred to as a left image and a right image, the

Zero-mean Sum of Squared Differences for the matching term  may be expressed as follows: 

Where  corresponds to the luminance of the first (left in the example) stereo image and  is the luminance

of the second (right in the example) stereo image of the stereo pair of images at resolution level k, and I|B* is the mean

value of I over the nxm neighborhood block (correlation window) B* around pixel * for the respective first or second stereo

image.
[0044] In one particular embodiment of the invention, in order to handle occlusions in first/second (e.g. left/right) stereo
images obtained from passive sensor type cameras 11_1/11_2, the lower matching energy is considered: 
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It may be noted that the resolution index k is omitted for sake of clarity. In some embodiments of the invention the
matching term may be subject to a sub-quadratic penalization for the sake of robustness against outliers, using the

regularized L1 norm  with εm = 10-6.

[0045] Reliability coefficient  refers to the matching reliability calculated at a previous level of lower resolution

k-1. For example, with reference to Figures 2 and 5, the matching reliability map 235 calculated in step S230 (resolution
level k-1) for stereo images 211_1 and 211-2 is used in step S250 (resolution level k) for the energy function calculation
for disparity refinement at the higher level of resolution for higher resolution stereo images 201_1 and 201_2.
[0046] Indeed, in the hierarchical framework of embodiments of the invention, depth estimation at a given resolution
level inherits an assessment of local matching reliability from a previous lower level of resolution, and refines it for next
higher level of resolution. This avoids the shortcomings of two-pass, a posteriori fusion of disparity estimation and depth
sensing. Indeed, since the reliability data of the previous level of resolution is used, the disparity estimation may be
performed, in parallel with the reliability determination at that level k. The speed of processing is increased since there
is no need to wait until the reliability matching data at level k has been determined before performing the stereo matching
calculation at level k. A one-pass process may thus be performed presenting better tradeoff in terms of quality and

resolution versus real-time performances. The matching reliability coefficient  is calculated as a weighting for

matching error term  to obtain disparity maps 225 and 245 in steps S230 and S250, respectively. At the lowest

level of resolution of the processing chain, reliability weights are set to 1 across the entire reliability map for all pixels,
then at each subsequent level of resolution, matching errors are temporally stored in order to compute matching reliability
maps 235 and 252 in steps S230 and S250, respectively, by determining the normalized difference of first and third
smallest matching energy terms as follows: 

where min{} and inf3{} respectively denote lowest and third lowest values.
[0047] The operation is performed for each pixel p in order to provide the matching reliability map 235 or 255.

[0048] It may be noted that matching reliability weighting  does not depend on the tested depth value d but

only on spatial features located in the neighborhood of pixel p. If correspondences are sharp, matching differences

increase swiftly around the best candidate and the corresponding reliability  tends towards 1 indicating better

reliability. On the contrary, if matching is inefficient (for example, on occlusions), the gap between the lowest and third

lowest energy values is smaller and  decreases towards 0, indicating lower reliability. For example high reliability

values may occur on sharp spatial details, whereas low reliability values may be found along occlusions on objects
edges and in poor texture areas.
[0049] The consistency term is used to constrain the disparity estimation. The active/passive consistency cost term

 is representative of the depth consistency between the stereo matching and the active depth meas-

urement and is defined as: 
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[0050] Where  is the disparity computed at resolution level k from the depth acquired at pixel p with the

active type sensor and d is the corresponding disparity estimated from the set of stereo images. The aim is to minimize

this consistency cost function  In practice the consistency term measures the deviation of estimated

depth z corresponding to the estimated disparity d (d ∝1/z) of the stereo image set with respect to depth 

measured by the active sensor type camera 12 for pixel p and may be expressed as: 

where  denotes a depth sensor map at resolution level k.

[0051] In one particular embodiment of the invention the term ψs is included in the consistency term where

 is another regularized L1 norm, with εs = 10-4. 

and  denotes depth sensor map at resolution level k,.

[0052] The consistency term  is weighted by depth sensing reliability term  dependent on

the pixel location as performed in step S220 or step S240. In one embodiment in which a structured light device is used

to acquire the depth map, the reliability is binary. For example  denotes the active sensor depth

map reliability at pixel p at a current resolution level k:

•  in structured light shadows and along objects edges (detected with a Canny filter);

•  everywhere else.

[0053] In another particular embodiment reliability weighting  presents three levels of reliability corresponding

to a re-projected Kinect depth sample  to a hole that has been filled during pre-processing

 or to a depth map contour or an unfilled hole 

[0054] In order to balance the energy levels of data and consistency terms in Equation (2), the gain parameter is
empirically set to λ = 100 3 n 3 m
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[0055] At each resolution level, a global reliability factor  may be computed in a similar way as the matching

reliability factor  as previously described with reference to equation (6): 

The global reliability factor  gives an insight as to how reliable are the fusion of the depth map and the disparity

estimated from the stereo images: the closer the lowest and third lowest energy levels are, the lower the global confidence.
Compared to a sensor reliability map and a matching reliability map, the global reliability map reveals uniform reliability
both in textured and non-textured areas, as well as in former Kinect holes. Lower reliability values occur only along
objects and characters edges.
[0056] At each resolution level the global reliability map can be used for multi-lateral filtering of the depth map fused
together with a colour image of the corresponding set of stereo images. In practice a right depth map is filtered with a
corresponding right stereo image and a left depth map is filtered with a corresponding left stereo image. In this way
unreliable depth values can be corrected by more reliable neighbours. In practice a single depth map (right or left) is
obtained and fused with the corresponding right or left stereo image.
[0057] As mentioned previously during the hierarchical processing the disparity is estimated within a constrained range
at each level k of resolution. At the coarsest (lowest) resolution level k = 0, disparity is estimated for each pixel p within
a predetermined range that is for example preset or selected by the user: 

[0058] At higher levels of resolution k + 1, 0 ≤ k < N - 1, disparity is refined around the disparity estimated at previous
level of revolution k: 

[0059] Since at the coarsest level of resolution k = 0, a matching reliability has not yet been computed, the reliability
is set at 1 and the equation (2) becomes: 

[0060] Figure 6 is a schematic block diagram illustrating components of a system for estimating depth information in
a scene according to a further embodiment of the invention. The system of Figure 6 differs to that of the system of Figure
1 in that three cameras are used to provide stereo images, two side cameras 21_1 and 21_2, and a central camera
21_3 located between the left and right side cameras 21_1 and 21_2. In this embodiment the active sensor type camera
22 provides a central depth view corresponding to the stereo image acquired by the central camera 21_3.
[0061] Having three cameras, helps to overcome occlusion issues in disparity estimations. In the global energy min-
imization, both depth sensor and disparity contributions are weighted by respective reliability factors as described in the
previous embodiment.



EP 2 887 311 A1

11

5

10

15

20

25

30

35

40

45

50

55

[0062] In this particular example with three stereo cameras, a ZSSD technique is applied and the stereo images are
preprocessed to remove local means computed in a n3m neighborhood block. A left matching error term and a right
matching error term are defined as follows: 

where fleft/center/right denotes preprocessed left, center or right luminance frame respectively, dleft/right(z) denotes the
disparity from the center camera to the left/right camera corresponding to depth z, and Bp denotes the n3m correlation
window around pixel p.
[0063] In one particular embodiment high quality video may be acquired using a professional RED ONE® camera, for
example. As an example satellite Iconix Studio 2K™ cameras may be used, as passive stereo cameras 21_1, 21_2 and
21_3 to estimate disparity information. A PrimeSense Kinect™ device may be used as an active sensor type camera
22 to provide active depth measurements. The active sensor type camera 22 may be placed above the passive stereo
type cameras 21_1, 21_2 and 21_3
[0064] In such a particular embodiment, having satellite cameras attached to a main camera body, the overall imaging
rig for depth estimation presents a 15cm left-to-right interaxial distance. The infra-red (IR) sensor of the active sensor
type camera 22 is vertically aligned with the central lens of central stereo type camera 21_3, 7cm above.
[0065] Since in this particular embodiment, colour images are acquired in HD 1280x720. Kinect IR pictures and depth
maps may be up-scaled as a preliminary step.
[0066] In another preliminary step the lenses of the four cameras (left 21_1, central 21_3 and right 21_2 cameras,
and the active sensor type camera 22) are calibrated using standard routines in order to determine their intrinsic param-
eters as well as radial and tangential distortions. For IR calibration, pictures taken with a halogen light spot while occluding
Kinect IR projector are used.
[0067] Extrinsic parameters may be determined, using the central camera 21_3 as a coordinate system reference.
For the purpose of disparity estimation, the left, central and right views are epipolarly aligned. When three or more
cameras are used, optical centers need not be aligned. A two-step rectification is performed which includes stereo
rectification of the stereo type cameras 21_1, 21_2 and 21_3, then the rotation of the central camera 21_3 so that the
three coordinate systems are parallel to one another.
[0068] Calibration of the depth signal from the active sensor type camera is also performed to determine parameters
a and b such that: 

where z is the distance from an object to the camera, and Dsensor the value of corresponding Kinect depth sample.
[0069] It may be noted that multimodal depth estimation requires disparity and Kinect maps to be consistent. To
address this issue depth values from the active sensor type camera 22 are calibrated with respect to rectified pictures
disparities, as described in what follows.
[0070] First, disparities are computed from a number of feature points detected in a rectified stereo pair from the stereo
type cameras 21. Consider a pixel (u, v) in a central view and its disparity d with respect to, the corresponding pixel for
example in the right view. Corresponding 3D points are reconstructed using central camera intrinsic parameters: 
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where Kc is the intrinsic matrix of the central camera extended to a 4x4 matrix, with fx and fy denoting focal lengths, cu
and cv principal point’s coordinates, and tx the center-right interaxial distance.
[0071] These 3D points are then projected onto the depth sensor in order to retrieve corresponding Kinect values
Dsensor at pixel coordinates (us, vs): 

where Ks denotes depth sensor instrinsic matrix, Rc/s and Tc/s corresponding rotation and translation matrices of central
camera in depth sensor coordinate system, and Rrect the rectification matrix of central camera. Finally, having collected
a set of z and Dsensor values corresponding to a number of feature points, parameters a and b of equation 13 are
determined by linear regression using least squares.
[0072] Steps of the method for providing depth information of a scene in accordance with the second embodiment of
the invention are schematically illustrated in Figure 7. Inputs to the process include the images obtained from stereo
type cameras 21_1, 21_2 and 21_3, and the depth map obtained from active type camera 22. In step S510 images from
the stereo type cameras 21_1, 21_2 and 21_3 are undistorted and registered with respect to one another for disparity
estimation. Depth map received from active type camera 22 is reprojected onto a reference view (for example the central
stereo type camera 21_3 view) in step S520.
[0073] For example if the resolution of the stereo type cameras 21_1, 21_2 and 21_3 is HD 1280x720 and the depth
map resolution of the active sensor type camera is VGA 640x480 the depth map is up-sampled by a factor 2 in both the
horizontal and vertical directions. 3D points are then reconstructed from each pixel of the up-scaled depth map, and
projected back onto the view of the central camera 21_3 : 

where Ks’ denotes the 4x4 intrinsic matrix of up-sampled Kinect depth sensor.
[0074] It may be noted that in context of the present disclosure, "depth" z samples are actually stored as inverse depth
values 1/z, so that processing, for example depth map interpolation is consistent with disparity estimations.
[0075] In step S530 hole filing is performed and a corresponding reliability map is generated. Holes in re-projected
depth maps contain holes (typically depicted as black areas) that correspond either to Kinect IR shadows or to disoc-
clusions induced by the viewpoint change. Basic hole-filling can be performed, extending background values horizontally
or vertically. In order not to draw disparity estimation to potentially wrong anchors, filled holes are assigned to an
intermediate low reliability value. The value of the reliability value can be tuned according to the complexity of the scene.
[0076] The images and depth map output from step S530 are spatially down-sampled into a resolution pyramid of
different resolutions in step S540 to perform a process of depth constrained disparity estimation in step S550. For
example, color frames from the stereo type cameras, depth maps and depth confidence maps are spatially filtered to
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build 4-level resolution pyramids. In the following, k = 0 refers to the coarsest resolution level and k = 3 to the original
resolution level.
[0077] In step S560 a matching reliability map is computed as previously described. In step S570 global reliability
factor is computed and multi-lateral filtering as previously described is performed.
[0078] The depth information determined may be stored for later use, encoded for transmitted to a local or remote
destination(s) for example by broadcast, or used straight away to provide visual 3D effects on a 3D enabled display.
[0079] Based on an image of the stereo type images and a depth map as determined in accordance with embodiments
of the invention, a 3D image may be rendered for viewing.
[0080] Figure 8 is a block diagram illustrating a system in which embodiments of the invention may be implemented.
The system 1000 includes a source device 1100 for acquiring image data and a destination device 1200 for providing
3D visualization of the acquired image data and depth map data. The source device 1100 comprises an image source
1110 for acquiring image data and depth map data, a down sampler 1115 for providing corresponding images and depth
maps of different levels of spatial resolution, a disparity processing unit 1120 for processing the image data and depth
map data in accordance with an embodiment of the invention to provide depth information, an encoder 1130 for encoding
the depth information and corresponding image data, and a transmitter 1140. The destination device 1200 comprises
a receiver 1240 for receiving encoded data transmitted from the source device 1100, a decoder 1230 for decoded
received data to provide image data and corresponding depth information, a view synthesizing unit for processing the
image data and depth information for 3D rendering of 3D images, and an display 1210 for visualization of 3D images.
Source device 1100 and/or destination device 1200 may comprise wireless communication devices, such as wireless
handsets, smart telephones or any wireless devices that can communicate picture and/or video information over a
communication channel, in which case the communication channel may comprise a wireless communication channel.
Destination device 1200 may be referred to as a three-dimensional (3D) display device or a 3D rendering device.
[0081] Image source 1110 provides a stereo pair of images, including a set of stereo images originating from passive
sensor type cameras, and a depth map from an active sensor type camera to disparity processing unit 1120. A passive
sensor type camera for providing stereo image of a set of stereo images may comprise an image sensor array, e.g., a
digital still picture camera or digital video camera. In some embodiments the image source of the stereo images and the
depth map may be a computer-readable storage medium comprising one or more stored images and/or a depth map.
Alternatively the image source may be an interface for receiving digital images from an external source, a processing
unit that generates digital images such as by executing a video game or other interactive multimedia source, or other
sources of image data. Image source 1110 may generally correspond to a source of any one or more of captured, pre-
captured, and/or computer-generated images. In some examples, image source 1110 may correspond to a camera of
a cellular (i.e., mobile) telephone. In general, references to images herein include both still pictures as well as frames
of video data. Thus, embodiments of the invention may apply both to still digital pictures as well as frames of captured
digital video data or computer-generated digital video data. Down-sampler 1115 provides corresponding images and
depth maps of different levels of spatial resolution.
[0082] Disparity processor 1120 uses the stereo images and the active depth maps at different levels of resolution to
generate 3D processing information by applying a method for estimating depth information in accordance with an em-
bodiment of the invention. The processing performed by disparity processor 1120 includes depth reliability estimation
S903. The 3D processing information provided by the disparity processing unit 1120 may, for example, include a disparity
map or depth information determined in accordance with embodiments of the invention. Disparity processing unit 1120
transfers the 3D processing information at least one of the stereo images to encoder 1130, which encodes the stereo
image and the 3D processing information to form encoded image data. Encoder 1130 may be configured to encode a
still stereo image as a Joint Photographic Experts Group (JPEG) image for example. When the stereo image is a frame
of video data, the encoder 1130 may be configured to encode the stereo image according to any video coding standard
such as, for example Motion Picture Experts Group (MPEG), MPEG-2, International Telecommunication Union (ITU)
H.263, ITU-T H.264/MPEG-4, H.264 Advanced Video Coding (AVC), ITU-T H.265, or other video encoding standards.
Transmitter 1140 then transmits the encoded image data to destination device 1200.
[0083] It will be appreciated that the invention is not necessarily limited to wireless applications or settings. For example,
embodiments of the invention may be applied to over-the-air television broadcasts, cable television transmissions,
satellite television transmissions, Internet video transmissions, encoded digital video that is encoded onto a storage
medium, or other scenarios. Accordingly, the communication channel may comprise any combination of wireless or
wired media suitable for transmission of encoded video and/or picture data. The data may be transferred to a destination
device in other ways such as by a wired connection, or the data may be recorded on a memory device readable by the
destination device 1200.
[0084] The receiver module 1240 of destination device 1200 receives the encoded image data. Decoder 1230 decodes
the encoded image data to extract at least one stereo image and 3D processing information. Based on the stereo image
and the 3D processing information the view synthesizing unit 1220 can reconstructs a further stereo image corresponding
to a different view. Based on the reconstructed view and the received view, the image display 1210 renders a three-
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dimensional image.
[0085] In some embodiments of the invention the reconstructed images may undergo additional processing at either
the source device 1100 or destination device 1200. Moreover the disparity processing may be applied at the destination
device instead of at the source device. In such a case the destination device receives a set of stereo images and a
corresponding active depth map.
[0086] Embodiments of the invention described herein may be implemented in, for example, a method or a process,
an apparatus, a software program, a data stream, or a signal. Even if only discussed in the context of a single form of
implementation (for example, discussed only as a method), the implementation of features discussed may also be
implemented in other forms (for example, an apparatus or program). An apparatus may be implemented in, for example,
appropriate hardware, software, and firmware. The methods may be implemented in, for example, an apparatus such
as, for example, a processor, which refers to processing devices in general, including, for example, a computer, a
microprocessor, an integrated circuit, or a programmable logic device. Processors also include communication devices,
such as, for example, computers, tablets, cell phones, portable/personal digital assistants ("PDAs"), and other devices
that facilitate communication of information between end-users.
[0087] Reference to "one embodiment" or "an embodiment" or "one implementation" or "an implementation" of the
present principles, as well as other variations thereof, mean that a particular feature, structure, characteristic, and so
forth described in connection with the embodiment is included in at least one embodiment of the present principles.
Thus, the appearances of the phrase "in one embodiment" or "in an embodiment" or "in one implementation" or "in an
implementation", as well any other variations, appearing in various places throughout the specification are not necessarily
all referring to the same embodiment.
[0088] Additionally, this application or its claims may refer to "determining" various pieces of information. Determining
the information may include one or more of, for example, estimating the information, calculating the information, predicting
the information, or retrieving the information from memory.
[0089] Additionally, this application or its claims may refer to "receiving" various pieces of information. Receiving is,
as with "accessing", intended to be a broad term. Receiving the information may include one or more of, for example,
accessing the information, or retrieving the information (for example, from memory). Further, "receiving" is typically
involved, in one way or another, during operations such as, for example, storing the information, processing the infor-
mation, transmitting the information, moving the information, copying the information, erasing the information, calculating
the information, determining the information, predicting the information, or estimating the information.
[0090] As will be evident to one of skill in the art, implementations may produce a variety of signals formatted to carry
information that may be, for example, stored or transmitted. The information may include, for example, instructions for
performing a method, or data produced by one of the described implementations. For example, a signal may be formatted
to carry the bitstream of a described embodiment. Such a signal may be formatted, for example, as an electromagnetic
wave (for example, using a radio frequency portion of spectrum) or as a baseband signal. The formatting may include,
for example, encoding a data stream and modulating a carrier with the encoded data stream. The information that the
signal carries may be, for example, analog or digital information. The signal may be transmitted over a variety of different
wired or wireless links, as is known. The signal may be stored on a processor-readable medium.
[0091] Although the present invention has been described hereinabove with reference to specific embodiments, the
present invention is not limited to the specific embodiments, and modifications will be apparent to a skilled person in the
art which lie within the scope of the present invention.
[0092] For instance, while the foregoing examples have been described with respect to the use of two or three stereo
type cameras it will be appreciated that any multiple number of stereo type cameras may be used.
[0093] Many further modifications and variations will suggest themselves to those versed in the art upon making
reference to the foregoing illustrative embodiments, which are given by way of example only and which are not intended
to limit the scope of the invention, that being determined solely by the appended claims. In particular the different features
from different embodiments may be interchanged, where appropriate.

Claims

1. A method of processing image data of a scene to provide depth information of the scene, the method comprising:

providing, at a plurality of spatial resolution levels, a set of stereo images of the scene corresponding to a passive
depth estimation technique, and an active depth map corresponding to an active depth estimation technique;
obtaining, at a higher spatial resolution level of the stereo images and respective active depth map, a global
disparity map (245) according to a cost function based on an estimated stereo disparity between corresponding
pixels of the respective set of stereo images (201_1, 201_2) at the said higher spatial resolution level and on
a determined consistency between the estimated stereo disparity and the respective active depth map (202) of
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the scene at the higher spatial resolution level; and
wherein the disparity values of the global disparity map (245) at the higher spatial resolution level are each
estimated within a restricted disparity range determined based on disparity values of a global disparity map
previously estimated for a corresponding set of stereo images (211_1, 211_2) and active depth map (212) of
the scene at a lower spatial resolution level.

2. A method according to claim 1, further comprising determining, at the lower spatial resolution level, a matching
reliability parameter representative of the reliability of matching between the respective stereo images, wherein the
matching reliability parameter acquired at the lower spatial resolution level is used in the cost function as a weighting
factor of the estimated stereo disparity at the higher spatial resolution level.

3. A method according to claim 1 or 2, further comprising obtaining at the higher spatial resolution level an active
reliability parameter representative of the reliability of the active depth estimation technique for a respective pixel
of the active depth map at the higher spatial resolution level and wherein the active reliability parameter obtained
at the higher resolution level is used in the cost function as a weighting factor of the determined consistency at the
said higher spatial resolution level.

4. A method according to any preceding claim wherein the disparity for the global disparity map is determined based

on the minimization of the cost function  the cost function for a pixel p at a spatial resolution level k

being based on the expression: 

where  is representative of stereo disparity between the pair of stereo images;  refers to the

matching reliability calculated at a previous level of lower resolution k-1 for corresponding stereo images; 

is representative of the consistency between the estimated stereo disparity and the respective active depth map;

 refers to the active reliability parameter representative of the reliability of the active depth estimation

technique.

5. A method according to claim 4 wherein the consistency between the estimated stereo disparity and the respective
active depth map at spatial resolution level k being based on the expression: 

where:

 is the disparity computed at spatial resolution level k from the depth acquired at pixel p in the active

depth map and d is the corresponding disparity estimated from the set of stereo images.

6. A method according to any preceding claim further comprising at a given spatial resolution level determining a global
reliability factor representative of the reliability of a fusion of the active depth map and the corresponding estimated
stereo disparity at the given spatial resolution level.

7. A method according to any preceding claim wherein the set of stereo images includes three stereo images.

8. An image processing device for processing image data of a scene to provide depth information of the scene, the
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device comprising a processor configured to:

obtain, at a plurality of spatial resolution levels, a set of stereo images of the scene corresponding to a passive
depth estimation technique, and an active depth map corresponding to an active depth estimation technique;
obtain, at a higher spatial resolution level of the stereo images and respective active depth map, a global disparity
map (245) according to a cost function based on an estimated stereo disparity between corresponding pixels
of the respective set of stereo images (201_1, 201_2) at the said higher spatial resolution level and on a
determined consistency between the estimated stereo disparity and the respective active depth map (202) of
the scene at the higher spatial resolution level; and
wherein the disparity values of the global disparity map (245) at the higher spatial resolution level are each
estimated within a restricted disparity range determined based on disparity values of a global disparity map
previously estimated for a corresponding set of stereo images (211_1, 211_2) and active depth map (212) of
the scene at a lower spatial resolution level.

9. A device according to claim 8, wherein the processor is configured to determine, at the lower spatial resolution level,
a matching reliability parameter representative of the reliability of matching between the respective stereo images,
wherein the matching reliability parameter acquired at the lower spatial resolution level is used in the cost function
as a weighting factor of the estimated stereo disparity at the higher spatial resolution level.

10. A device according to claim 8 or 9, wherein the processor is configured to obtain at the higher spatial resolution
level an active reliability parameter representative of the reliability of the active depth estimation technique for a
respective pixel of the active depth map at the higher spatial resolution level and wherein the active reliability
parameter obtained at the higher spatial resolution level is used in the cost function as a weighting factor of the
determined consistency at the said higher spatial resolution level.

11. A device according to any one of claims 8 to 10, wherein the processor is configured to determine the disparity for

the global disparity map based on the minimization of the cost function  the cost function for a pixel

p at a spatial resolution k being expressed as 

where  is representative of stereo disparity between the pair of stereo images;  refers to the

matching reliability calculated at a previous level of lower resolution k-1 for corresponding stereo images; 

is representative of the consistency between the estimated stereo disparity and the respective active depth map;

 refers to the active reliability parameter representative of the reliability of the active depth estimation

technique.

12. A device according to any one of claims 8 to 11, wherein the processor is configured to determine the consistency
between the estimated stereo disparity and the respective active depth map according to the following expression: 

where:  is the disparity computed at resolution level k from the depth acquired at pixel p in the active

depth map and d is the corresponding disparity estimated from the set of stereo images.
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13. A device according to any one of claims 8 to 12 wherein the processor is configured to, at a given spatial resolution
level, determine a global reliability factor representative of the reliability of a fusion of the active depth map and the
corresponding estimated stereo disparity at the given level of spatial resolution.

14. A device according to any one of claims 8 to 13, wherein the set of stereo images includes three stereo images.

15. A computer program product for a programmable apparatus, the computer program product comprising a sequence
of instructions for implementing a method according to any one of claims 1 to 7 when loaded into and executed by
the programmable apparatus.
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