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Abstract

Creating High Dynamic Range (HDR) images of static scenes is a common procedure nowadays that combines
several Low Dynamic Range (LDR) images. However, HDR video and 3D content creation and management is
an active, unsolved research topic. This work proposes a method to build HDR images from Low Dynamic Range
(LDR) input images taken with multi-view cameras. We propose an image registration method to produce 3D HDR
content for auto-stereoscopic displays. This method is based on the Patch Match algorithm which has been adapted
to take advantage of epipolar geometry constraints of multi-view cameras. Different image similarity measures are
used to improve the accuracy of the matching process. In our case we use an 8-view LDR camera from which we
generate an 8-view HDR output. Partial results show accurate registration and HDR reconstruction for each LDR
input image.

Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Computational
Photography—3D High Dynamic Range

1. Introduction

The creation of high dynamic range (HDR) content has been
an intense field of research lately. Several approaches to
combine multi-exposed images either of static or dynamic
scenes have been presented with different degrees of suc-
cess. In cases where the pixels of source images are not
perfectly aligned, ghosting effects may appear in the out-
put HDR image. There are two main causes for ghosting:
camera movement during acquisition and dynamic objects
in the scene. The first one can be easily solved using image
alignment techniques like the bitmap threshold method pre-
sented by Ward [War03]. Several methods to deal with dy-
namic scenes have been presented but there is not a standard
solution for this, specially when both camera and objects
in the scene move. The lack of robust methods for multi-
exposed image registration of dynamic scenes is one of the
main drawbacks for HDR video acquisition. The main goal
of this work is to propose a method for image registration
of image sequences for auto-stereoscopic 3D HDR content
creation.

Bonnard et al. [BLV∗12] have proposed a methodology
to create content that combines depth (3D) and high dy-
namic range video for auto-stereoscopic displays. The input
for such displays is a set of images taken with a fix expo-
sure on each objective. The Octo-cam [PcPD∗10] has eight
objectives synchronized in time. The different exposures are
achieved by mean of neutral density filters placed in each ob-
jective that fix the percentage of light that arrives to each sen-
sor. Each filter divides by two the amount of light received by
each sensor. The fact that the eight sensors are synchronized
prevents of capturing movement in the scene. The ghosting
problem due to dynamic objects does not exist because all
the objectives capture the scene at same time and same shut-
ter speed. However, images are different because they are
taken from different points of view and at four different ex-
posures like in Figure 1. Images need to be perfectly aligned
to avoid artifacts in the construction of an HDR frame for
each view of a video sequence. Bonnard et al. used recon-
structed depth information from epipolar geometry to lead
the pixel match procedure. This method lack of robustness
especially on under and over exposed areas. To avoid this
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Figure 1: Set of LDR multi-view images taken with an eight view camera using natural color filters to control exposures.

we propose a solution to combine stereoscopic LDR images
into HDR using image registration based on the Patch Match
algorithm [BSFG09]. This algorithm has been used recently
by Sen et al. [SKY∗12] to build HDR images. The results
were promising for multi-exposure sequences where the ref-
erence image is moderately under or over exposed, but it
fails otherwise. We propose to overcome this drawback us-
ing other color difference measure than SSD and take advan-
tage of geometric constraints in the set of images to help the
matching process. Figure 2 shows an overview of the pro-
cess. We iterate over the set of multi-exposed images from
the Octo-cam selecting a reference image each time, then all
the remaining images are registered using the modified patch
match and finally they are merged into one HDR per view.

Figure 2: Proposed workflow to generate HDR images for
auto-stereoscopic display.

The rest of the paper is organized as follow. Section 2 fo-
cuses on giving a brief background about the state of the art
on this topic, section 3 describes the solution we are devel-
oping and finally section 4 shows some partial results of the
ongoing work.

2. Background

2.1. HDR Video Acquisition

Several prototypes have been proposed to acquire HDR
videos from multi-exposure sequence of images. Lin and
Chang [LC09] proposed a scheme based on a rig of two
cameras placed like a conventional stereo configuration.
Each stereo image pair was acquired with different shutter
speed and was used for HDR image synthesis and stereo
disparity computation. They use a stereo matching algo-
rithm based on propagation to derive the disparity map and
a ghost removal technique is used to avoid artifacts due
to noise or stereo mismatches. Rüfenacht’s master thesis
[Ruf11] presents a prototype of rig with two cameras to cap-
ture stereoscopic video varying the exposure of each view.
He presents two different approaches to obtain stereoscopic
HDR content. The first is the temporal approach, where dif-
ferent exposures are captured by temporally changing the
exposure times of both cameras, recording two frames of the
same exposure in each shot alternating the exposure time be-
tween consecutive pairs of frames. The second is the spatial
approach, here each camera have a different exposure time
for all the shots, in this case each frame in the same shot
have different exposures. Tocci et al. [TKTS11] present an
optical architecture for HDR imaging that allows simulta-
neous capture of high, medium, and low-exposure images
on three sensors at high fidelity with efficient use of the
available light. Their work also includes an HDR merging
algorithm to complement their prototype, which avoids un-
desired artifacts when there is a large exposure difference be-
tween the images. They use beam splitter inside the camera
to split the light beam. The resulting HDR video is thus the
combination of information from three different exposures
taken simultaneously from a same viewpoint. Recently, Kro-
nander et al. [KGBU13] presented a new approach for HDR
assembly directly from raw sensor data in a single process-
ing operation. This method was implemented using CUDA
and show real time performance. They assume that geomet-
ric missalignments between sensors can be described by a
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2D transformation matrix so that the images can be regis-
tered which is not always possible. HDR acquisition with dy-
namic content or video input has been addressed with many
different approaches in the last decade. However, besides
for [Ruf11] and [LC09] who proposed a method for stereo
pairs, multi-view HDR video (more than two views) has not
yet been addressed except by Bonnard et al. [BLV∗12].

2.2. Image Alignment

In the HDR context most of methods for image alignment fo-
cus on movement between images caused by hand-held cap-
ture, small movement of tripods or moving pixels from dy-
namic objects in the scene. Most of them assume that all im-
ages are taken from the same viewpoint so they are not suit-
able for the multi-view images since the kind of transforma-
tions that takes place are different. Sand and Teller [ST04]
proposed a combination of feature matching and optical for
spatiotemporal alignment of different exposed videos. They
align a pair of videos by searching for frames that best match
according to an image registration process. This process uses
locally weighted regression to interpolate and extrapolate
image correspondences. This method is robust to changes
in exposure and lighting, but if there are objects moving at
high speed, artifacts may still appear.

Mangiat [MG10] propose to use a method of block-based
motion estimation and refine the motion vectors in saturated
regions using color similarity in the adjacent frames of an
alternating multiexposed sequence. Niquin et al [NPR10]
use the octocam to reconstruct a 3D scene using a pixel
matching method based on graph cuts. This method is suit-
able for images with the same exposure but the precision of
the matching is not good for multiexposed images. Sun et
al. [SMW10] proposed an algorithm based on the assump-
tion that the disparity map between two rectified images can
be modeled as a Markov random field. The matching prob-
lem is then posed as a Bayesian labeling problem in which
the optimal values are obtained minimizing an energy func-
tion. The energy function is composed of a pixel dissimilar-
ity term (using NCC as similarity measure) and a smooth-
ness term which correspond to the MRF likelihood and the
MRF prior, respectively. Most of stereo matching algorithms
perform energy minimization schemes, which imply high
computational cost.

Sen [SKY∗12] recently presented a method based on
a patch-based energy-minimization formulation that inte-
grates alignment and reconstruction in a joint optimization.
This allows to produce an HDR result that is aligned to one
of the exposures and contains information from all of them,
but important artifacts appears when there are large under or
over exposed areas in the reference image.

3. Patch-based approach

Our solution is based on the work of Barnes [BSFG09,
BSGF10] and Sen’s work [SKY∗12]. We propose to adapt
the matching process to the multi-view context resulting in
a more robust and faster solution. To understand the basis of
our approach we need first to introduce briefly the original
patch-based algorithm [BSFG09, BSGF10].

The Patch Match solves the matching problem between
two images A and B at patch level using Nearest Neighbor
Fields (NNF) minimization. NNF is defined over all possible
patch coordinates (locations of patch centers) in image A; for
some distance function D between two patches of images A
and B. Given a patch coordinate a in image A and its corre-
sponding nearest neighbor b in image B, NNF(a) is simply
b. The values of NNF for all coordinates are stored in an
array with the same dimensions of A. It is a randomized al-
gorithm that works iteratively improving the NNF until con-
vergence. Initially it can be filled either with random values
sampled across image B or with previous hint information.
An iterative process is performed to improve the NNF for
a fixed number of iterations or until a convergence criteria.
The algorithm tries to improve NNF using two sets of can-
didates: propagation and random search. Propagation uses
the known nearest neighbors patches to improve NNF, and
converges very quickly but it may end in a local minimum.
A second set of candidates is used to avoid local minimum
by introducing random samples. This step is called random
search, the candidates are sampled from a distribution of pix-
els located at an exponentially decreasing distance from each
patch. For each pixel vi, the candidates ui are sampled at an
exponentially decreasing distance ui = v0 +wαiRi where
Ri is a uniform random in [-1,1]x[-1,1], w is the maximum
search radius and α is a fixed ratio between window sizes
(1/2 in our case). After NNFs are calculated, a distance met-
ric proposed by Simakov [SCSI08] is used to guarantee both
the coherence and completeness of the output image.

The camera we use to capture the input sequence is de-
scribed in [PcPD∗10]. There are some geometrical features
that could help to reduce the number of potential correspond-
ing patches. Since all the objectives of the camera are aligned
in the vertical axis, the resulting images have a different per-
spective but pixels in different images of the sequence share
the same epipolar line. This fact reduces the random search
to 1D (only on the epipolar line). This constrain would re-
duce the search space making it more precise. The use of a
random search function instead of a full energy minimiza-
tion scheme contributes also to speed up the solution. We
propose to modify the search function to look only in the
same horizontal line adding a ∆ value in the vertical axis
to prevent errors in case of geometrical misscalibration of
images.

Patch Match have been originally implemented using sum
of squared differences (SSD) as a distance measure between
patches in L*a*b color space. Despite SSD is one of the most
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popular measure for stereo matching, several works compare
SSD with different similarity measures [VLS∗06,OMLV12,
HS09]. We compare the results with other measures based
on pixels correlation and mutual information (MI).

4. Work in Progress Results

(a) Reference (b) Target

(c) Difference 1st Iteration (d) Reconstructed 1st Iteration

(e) Difference 5th Iteration (f) Reconstructed 5th Iteration

Figure 3: Images d) and f) show the result of registering b)
to a) for the first and the fifth iterations of our Patch Match
implementation. Images c) and e) shows the normalized SSD
difference between the result and the reference image

This section shows some of the results obtained up to-
day to illustrate the feasibility of our proposal. Several more
tests need to be done to present some statistic comparison
of the improvements and show the final stereoscopic HDR
reconstruction. We have tested our approach using differ-
ent sequences of input images acquired with the camera de-
scribed in [PcPD∗10]. Figure 3 shows two images from the
sequence of Figure 1, the result of the registration after five
iterations and using a patch size of 2x2 and the normalized
sum of squared difference (SSD) error between the result
and the reference image.

Tests were made performing the matching step in two
different stages of the procedure. For some test the match-
ing step was performed directly on the LDR 8-bits images
like the tests of Figure 3 and Figure 4, while for other tests
we calculated the camera response curve using Debevec and
Malik’s method [DM97] and transformed all images to the
radiance domain before doing the matching step. In the sec-
ond approach the differences in exposure has less influence
on the matching process and the convergence is much faster.

(a) Reference (b) Target

(c) Difference 1st Iteration (d) Reconstructed 1st Iteration

(e) Difference 5th Iteration (f) Reconstructed 5th Iteration

Figure 4: Images d) and f) show the result of registering b)
to a) for the first and the fifth iterations of our Patch Match
implementation. Images c) and e) shows the normalized SSD
difference between the result and the reference image

The two input images in Figure 4 are from the stereo
dataset of the Caltech-256 (http://vision.middlebury.
edu/stereo/data/scene2006) also taken with different
exposures and from different points of view. In this test the
registration was made on the original 8-bits LDR image with
the same patch size than described above. These results were
obtained with a number of iterations equal to 5, the normal-
ized sum of squared difference (SSD) error between the re-
sult and the reference images is shown in Figure 4 (c). As
shown in the difference image, the difference between our
output and the reference images is small, making the re-
sults promising for future work. The biggest errors are lo-
cated around the color boundaries, it is important to compare
results using different similarity measures to avoid artifacts
related with the use of SSD for comparing colors. The in-
fluence of the patch size and the computation time on the
results need to be addressed.

Figure 5 shows an example of the matching process ex-
ecuted after transforming images to the same domain. The
convergence in this case is faster than matching 8-bits im-
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ages. The full test showed in Figure 6 was generated using
only two iterations per image. The images shown as in Fig-
ure 5 d) and e) are mapped back to 8-bits using the camera
response curve.

(a) Reference (b) Target

(c) Difference 1st Iteration (d) Reconstructed 1st Iteration

(e) Difference 2nd Iteration (f) Reconstructed 2dn Itera-
tion

Figure 5: Images d) and f) show the result of registering b)
to a) for two first iterations of our Patch Match implementa-
tion. Images c) and e) shows the normalized SSD difference
between the result and the reference image

Figure 6 shows a full test over a set of seven images
from the Caltech-256 datased mentioned before. The result-
ing HDR images have no visible ghosting effects due to
missalignment but they are different in terms of color be-
cause of large saturated areas in some of the reference im-
ages. Future work needs to find a solution for completing
color information in saturated/under saturated areas.

5. Conclusions

This paper presents an ongoing work for image registration
of image sequences for auto-stereoscopic 3D HDR content
creation. We propose to modify the PatchMatch algorithm to
make it more robust and suitable for our problem. The ran-
dom search function has been modified and some similarity
measures are used. We discussed about such modifications
and presented some promising partial results.

Figure 6: On the left, a set of LDR multi-view images, on
the right the resulting tone mapped HDR taking each LDR
as reference respectively.
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