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Abstract

Image matching has a history of more than 50 years, with the first experiments
performed with analogue procedures for cartographic and mapping purposes. The
recent integration of computer vision algorithms and photogrammetric methods
is leading to interesting procedures which have increasingly automated the entire
image-based 3D modelling process. Image matching is one of the key steps in
3D modelling and mapping. This paper presents a critical review and analysis of
Sfour dense image-matching algorithms, available as open-source and commercial
software, for the generation of dense point clouds. The eight datasets employed
include scenes recorded from terrestrial and aerial blocks, acquired with
convergent and normal (parallel axes) images, and with different scales.
Geometric analyses are reported in which the point clouds produced with each
of the different algorithms are compared with one another and also to ground-
truth data.

KEYWORDS: DSM, evaluation, image matching, photogrammetry, point cloud

It is quite evident that even with our past progress, we have only
scratched the surface of the possibilities in the use of photogrammetry.
(George D. Hardy in 1973)

INTRODUCTION

THE 3D RECONSTRUCTION OF SCENES and objects at different scales is generally performed
today using range or image data. Range or active sensors (Vosselman and Mass, 2010),
such as laser scanners or structured light systems, are a common source of dense point
clouds due to their ease of use, speed and ability to capture millions of points in a very
short time. The associated data-processing procedure is also quite straightforward and is
based on reliable and powerful commercial software. On the other hand, the image-based
approach (Remondino and El-Hakim, 2006), advanced by recent developments in computer
vision (Hartley and Zisserman, 2003; Goesele et al., 2007; Pollefeys et al., 2008; Snavely
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et al., 2008; Furukawa et al., 2010; Shan et al., 2013), is presently offering additional
automated procedures for both image orientation (Remondino et al., 2012) and 3D
reconstruction (Lafarge and Mallet, 2012; Haala, 2013) at different scales. Complex scenes
and objects can be surveyed and reconstructed using a large set of images with very
satisfactory results (Fig. 1). In particular, methods for dense point-cloud generation (dense
image matching) are increasingly available for professional and amateur applications such as
3D modelling and mapping, robotics, medical imaging, surveillance, tracking and
navigation.

Due to the availability of a number of different low-cost and open-source software
systems, automated 3D reconstruction methods are becoming very popular. Nevertheless,
the metrological and reliability aspects of the resulting 3D measurements and modelling
should not be ignored, particularly if the community wishes to adopt such solutions not
only for quick 3D modelling and visualisation but also for accurate measurement purposes.
To this end, clear accuracy statements, benchmarking and evaluations must be carried out.

This paper presents a critical review and analysis of selected dense image-matching
algorithms. The algorithms considered are from both the commercial and open-source
domains. The datasets adopted for the testing (Table I and Fig. 3) include terrestrial and
aerial image blocks, acquired with convergent and normal (parallel axes) images at different
scales and resolution. With respect to other reported benchmarking datasets, the imagery
considered here is of higher resolution and it covers more complex scenes. Moreover, the
evaluations presented are performed on the raw output of the matching (that is, on the point
cloud) and not at the mesh level. The algorithms are evaluated according to their ability to
produce dense and high-quality 3D point clouds, as well as according to computation time.
Geometric analyses are reported, in which the point clouds produced with each of the
different algorithms are compared with one another and also to ground-truth data.

Laser Scanning or Photogrammetry?

Since 2000, range sensors, both airborne and terrestrial, have been employed for
various applications; continuous improvements in both hardware and software have been
made as a result of technological advancements. Thus, for more than a decade, range
sensors have been growing in popularity as a fundamental source of dense point clouds for
3D documentation, mapping and visualisation purposes at various scales. Over the same
period, until quite recently, photogrammetry was not able to efficiently deliver dense and
detailed 3D point clouds similar to those produced by ranging instruments. Consequently,

Fi1G. 1. Example of a very complex image network (more than 150 convergent high-resolution images) and the
derived dense point cloud of the surveyed scene.
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range sensors became the dominant technology for dense 3D recording, replacing
photogrammetry in many application areas. Furthermore, many photogrammetric scientists
shifted their research interests to laser scanning, slowing advances and new developments in
automated procedures using photogrammetric technology. Thanks to recent significant
improvements in hardware (such as better dynamics and radiometry) and algorithms (for
example, structure from motion (SfM) or innovative image-matching algorithms),
photogrammetry has re-emerged as a competitive technology and a resurgence in automated
photogrammetric methods is now evident. Image-based surveying and 3D modelling can
now deliver, in reasonable time, results of comparable geometric characteristics to those of
laser scanning for many terrestrial and aerial applications. Therefore, the market, which was
previously primarily dominated by airborne and terrestrial range sensors, nowadays offers
more image-based measurement tools for 3D recording and modelling.

Range sensors, although smaller and lighter than they were some years ago, are still
relatively cumbersome and expensive compared to terrestrial digital cameras (off-the-shelf or
SLR types); their bulkiness can be problematic in some field campaigns and research
projects. The point clouds recorded with range instruments may be metrically correct at the
outset, but they are not based on redundant measurements, which can be problematic for
projects concerned with absolute accuracy. Typical photogrammetric quality indicators
derived in adjustment procedures (variance estimations or other statistical measures) are not
available for quality evaluation of point clouds produced with range sensors. Moreover, few
statistics (normally provided by vendors) are provided to describe errors for the entire
dataset. Range sensors are normally treated as “black boxes” as they lack well-defined
procedures to assess quality on an individual project basis.

On the other hand, photogrammetric processing, although more labour intensive, can be
carried out so that calibration procedures, systematic error corrections and error metrics are
explicitly stated. This is mainly valid for pure photogrammetric processes, while SfM tools
also fit into the black-box category where bundle adjustment divergence or geometric
deformations may be experienced (Remondino et al., 2012). Photogrammetric processing
algorithms can suffer problems due to either the initial image quality (noise, low radiometric
quality, shadows and so on) or to certain surface materials (shiny or textureless objects).
This can result in noisy point clouds and/or difficulties in feature extraction. Furthermore, in
order to derive metric 3D results from images, a known distance or ground control points
(GCPs) are required in an image-based measurement project. In the case of aerial
acquisitions, the typical point density of laser scanning datasets is 1 to 25 points/m® while
an aerial photogrammetric image typically has a ground sampling distance (GSD) of the
order of 10cm, which could theoretically be used to produce a dense point cloud with
100 points/m®.

Several recent publications have compared ranging and imaging techniques based on
factors such as accuracy, resolution and dense 3D reconstructions (Kersten and Lindstaedt,
2012; Opitz et al., 2012; Koutsoudis et al., 2014). The choice between the two techniques
nowadays depends primarily upon project constraints and requirements, budget and
experience, and rather less on the geometric properties of point density and accuracy.

DENSE IMAGE-MATCHING ALGORITHMS
Concepts and History

Matching can be defined as the establishment of correspondences between various
datasets (for example, images, maps and 3D shapes). In particular, image matching is
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concerned with the establishment of correspondences between two or more images (Schenk,
1999). In computer vision, image matching is often called the stereo correspondences
problem (Szeliski, 2011; Sonka et al., 2014). Image matching requires the establishment of
correspondences between primitives extracted from two or more images, along with the
determination of the 3D coordinates of matched feature points via a collinearity or
projective model. In image space, this process produces a depth map that assigns relative
depths to each pixel of an image. The corresponding outcome in object space is the 3D
point cloud. Considering an image pair, the disparity (or parallax, that is, horizontal
discrepancy) is inversely proportional to the camera-to-object distance. Even in situations
where the visual understanding and basic geometry relating to the disparity and scene
structure are well understood, the automated measurement of such disparities by establishing
dense and accurate image correspondences remains a challenging task.

For historical reasons, photogrammetric developments in the field of image matching
were mainly related to aerial images and topographic mapping problems. The earliest
matching algorithms were developed in the photogrammetry community in the 1950s
(Hobrough, 1959; Williams, 1959). In the 1970s, the concepts of epipolar geometry and
cross-correlation for image matching were introduced (Helava, 1978). With the advent of
digital imaging, research was focused more on automated procedures to both replace manual
operator intervention and achieve more powerful matching performance for single points
(Forstner, 1982; Ackermann, 1984; Gruen, 1985). In Gruen (1985) and Gruen and
Baltsavias (1988), the multi-photo geometrical constraints (MPGC) concept was introduced.
Subsequently, the matching procedure was also generalised to object space through the
introduction of the concept of the “groundel” or “surfel” (Wrobel, 1987; Ebner and Heipke,
1988; Helava, 1988).

The 1990s was a time of consolidation for image matching and a large number of
commercial photogrammetric systems appeared for digital surface model (DSM) and digital
terrain model (DTM) generation from large blocks of near-nadir aerial images. Thus, from
sparse (single point) matching, algorithms moved to determination of dense point
correspondences. Zhang et al. (1992) presented innovative global matching with probabilistic
relaxation, while Maas (1996) introduced a MPGC approach where features were searched
for and matched along epipolar lines. However, in spite of this success, the photogrammetric
matching of convergent images in non-traditional reference systems (namely, close-range
image blocks) was proving to be problematic and thus new developments in this area were
largely confined to the computer vision community where accuracy was not a high priority.
In this field, stereomatching was investigated as early as the mid-1970s (Marr and Poggio,
1976) and developments continued in the 1980s mainly for terrestrial applications (Baker and
Binford, 1981; Marr, 1982; Ohta and Kanade, 1985; Dhond and Aggarwal, 1989). Then, in
the 1990s, the focus moved to multi-view approaches (Okutomi and Kanade, 1993; Fua and
Leclerc, 1995; Narayanan et al., 1998), and then more recently to field programmable gate
array (FPGA) and graphics processing unit (GPU) developments in computer architecture
(Kalarot et al., 2011), per-pixel measurement (Birchfield and Tomasi, 1999), global energy
minimisation algorithms (Roy and Cox, 1998; Hirschmiller, 2008) and dynamic
programming approaches (Kolmogorov et al., 2006).

Algorithms and Classifications

The large number of image-matching algorithms developed to date in the scientific
community precludes the presentation of a summary here. The reader is instead referred to
surveys and comparisons of matching algorithms presented in Makarovic (1992), Scharstein

© 2014 The Authors
The Photogrammetric Record © 2014 The Remote Sensing and Photogrammetry Society and John Wiley & Sons Ltd 147


https://www.researchgate.net/publication/6858073_Probabilistic_Fusion_of_Stereo_with_Color_and_Contrast_for_Bi-Layer_Segmentation?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/3766361_Constructing_virtual_worlds_using_dense_stereo?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/239063559_Global_Image_Matching_with_Relaxation_Method?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/2829074_Depth_Discontinuities_by_Pixel-to-Pixel_Stereo?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/3766427_A_Maximum-Flow_Formulation_of_the_N-Camera_Stereo_Correspondence_Problem?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/3113654_Structure_from_Stereo_-_A_Review?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/220812171_Depth_from_Edge_and_Intensity_Based_Stereo?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/220812171_Depth_from_Edge_and_Intensity_Based_Stereo?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/222873768_Digital_correlation_in_photogrammetric_instruments?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/226365006_Object-Centered_Surface_Reconstruction_Combining_Multi-Image_Stereo_and_Shading?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/226365006_Object-Centered_Surface_Reconstruction_Combining_Multi-Image_Stereo_and_Shading?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/265292615_Adaptive_Least_Squares_Correlation_A_powerful_image_matching_technique?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/5764827_Hirschmuller_H_Stereo_processing_by_semiglobal_matching_and_mutual_information_IEEE_PAMI_302_328-341?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/224377864_Stereo_by_Intra-_and_Inter-Scanline_Search_Using_Dynamic_Programming?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/30872700_Vision_A_Computational_Investigation_into_the_Human_Representation_and_Processing_of_Visual_Information?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/266481859_Analysis_of_Real-Time_Stereo_Vision_Algorithms_On_GPU?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/22185446_Cooperative_Computation_of_Stereo_Disparity?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/22185446_Cooperative_Computation_of_Stereo_Disparity?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/238286025_Object-Space_Least-Squares_Correlation?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/247935986_Computer_Vision_Algorithms_and_Applications?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/243786283_Ackermann_F_Digital_image_correlation-performance_and_potential_application_in_photogrammetry_Photogrammetric_Record_1164_429-439?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/228770331_Image_processing_analysis_and_machine_vision_second_edition?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/220183102_A_Multiple-Baseline_Stereo?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==

REMONDINO et al. State of the art in high density image matching

and Szeliski (2002), Brown et al. (2003), Seitz et al. (2006), Hirschmiiller and Scharstein
(2009) and Gruen (2012).

The first intuitive classification of image-matching algorithms is based on the utilised
primitives, namely, image intensity patterns (windows composed of grey values around a
point of interest) or features (for example, edges and regions), leading to area-based
matching (ABM) or feature-based matching (FBM) algorithms (Remondino et al., 2008).

The image-matching problem is nowadays solved using stereopairs (stereomatching)
(Hirschmtiller, 2008; Gehrig et al., 2009; Tola et al., 2010; Haala and Rothermel, 2012;
Hermann and Klette, 2013) or via identification of correspondences in multiple images
(multi-view stereo — MVS) (Collins, 1996; Zhang, 2005; Pierrot-Deseilligny and Paparoditis,
2006; Goesele et al., 2007; Remondino et al., 2008; Furukawa and Ponce, 2010; Vu et al.,
2012; Toldo et al., 2013).

According to Szeliski (2011), stereo methods can be local or global. Local (or window-
based) methods compute the disparity at a given point using the intensity values within a
finite region, with implicit smoothing assumptions and a local “winner-take-all” optimisation
at each pixel. On the other hand, global methods make explicit smoothness assumptions and
then solve for a global optimisation problem using an energy minimisation approach, based
on regularised (variational) Markov random fields (MRFs), graph-cut, dynamic programming
or max-flow methods. Most of these procedures apply consistency measures only to single
stereopairs, while geometric constraints are applied only during the fusion of the point clouds
derived by the stereopairs or via some volumetric approaches.

The most common multi-view algorithms rely on silhouette and fusion (Hernandez
Esteban and Schmitt, 2004), volumetric graph-cut (Vogiatzis et al., 2007), patch-based
methods (Furukawa and Ponce, 2010) and global optimisation (Vu et al., 2012).

Most of the proposed matching methods are based on similarity or photo-consistency
measures; in other words, they compare pixel values between the images. These measures
can be defined in either image or object space, according to the algorithms (stereo or multi-
view). The most common measures (or matching costs) include squared and absolute
intensity differences, normalised cross-correlation (NCC), dense feature descriptors, census
transform, mutual information, gradient-based algorithms and bidirectional reflectance
distribution functions (BRDFs). Dense multi-view reconstructions apply multi-image
radiometric consistency measures and geometric constraints (Gruen and Baltsavias, 1988;
Zhang, 2005). Some algorithms use normalised and distortion-free images, whose adoption
both simplifies and speeds up the search for correspondences. In Campbell et al. (2008) and
Toldo et al. (2013), each pixel of an image is associated with a number of candidate depths.
Then, using MRF optimisation, a final and unique depth map is created.

Many approaches require a rough surface model of the scene in order to initialise the
matching procedure (Lhuillier and Quan, 2002; Furukawa and Ponce, 2010). Such models
can be derived in different ways, for example, by using a point cloud interpolated on the
basis of tie points obtained from the orientation stage or using already existing 3D models
from low-resolution range data. Other methods are organised in a hierarchical framework
which first generates a rough surface reconstruction, which is refined and made denser at a
later stage (Sinha and Pollefeys, 2005; Vogiatzis et al., 2007).

Other algorithms are still based on local (window-based) correlation models where a
constant disparity within a correlation window is adopted, hence implicitly assuming a
smooth surface. The larger the size of this window, the greater is the robustness of the
matching. However, the implicit assumption of constant disparity inside the window is
violated for elements with geometric discontinuities which leads to blurred object
boundaries and over-smoothing. Matching algorithms based on intensity differences are very
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sensitive to recording and illumination differences and are not reliable in poorly textured or
homogeneous regions. On the other hand, dense pixel-wise matching based on global
algorithms assumes an explicit formulation for the smoothing assumption and solves it with
a global optimisation approach (Szeliski, 2011). Such methods, however, only operate on
stereopairs, thus reducing the potential to recover statistical information intrinsic in multi-
view methods.

Accuracy Analyses

Algorithm developments have always been accompanied by accuracy assessment
studies. Early analyses are reported in Schewe and Forstner (1986) for industrial
applications, while Rosenholm (1986) investigated the potential of matching algorithms
in the case of aerial images. His tests were limited to quantifying single point accuracy.
Lately, accuracy investigations have been carried out on surface model generation (Smith
and Smith, 1996; Gong et al., 2000; Remondino and Menna, 2008; Bartelsen et al.,
2012; Kersten and Lindstaedt, 2012) by comparing the results achieved to ground truth.
Benchmarking datasets for close-range and aerial image configurations was proposed in
Seitz et al. (2006), Strecha et al. (2008) and Haala (2013). The establishment of a good
reference dataset (ground truth) with an accuracy which is two to three times better than
the expected matching results is not a straightforward task. It is also complicated to
define just what should be compared and evaluated (the entire surface, small patches or
single points?) and with which procedure (for example, the Euclidean distance). Seitz
et al. (2006) evaluated completeness (how much of the scene has been reconstructed
with respect to the ground truth) and accuracy (how close the result is to the ground
truth), based on Euclidean distances and nearest points. Haala (2013) correctly reported
that pixel-wise matching provides for surface representations at a geometric resolution
which is frequently higher than that available from standard lidar flights. Therefore, he
adopted a median DSM from all the surface models being evaluated, though such a
measure still falls short of constituting independent ground truth at a higher order of
accuracy. However, the approach is very suitable as a means of highlighting differences
between the different matching algorithms. In cases where known geometric shapes
(such as spherical or cuboid reference objects) are employed for the algorithm evaluation
(Hosseininaveh Ahmadabadian et al., 2013), the accuracy analysis can be performed
using evaluation parameters defined in the German engineering VDI/VDE (2002; 2008)
guidelines.

Recent Innovations

The real innovation that has been introduced in several dense image-matching methods
during recent years, besides the pixel-wise approach, is the integration of different basic
correlation algorithms, consistency measures, visibility models, shape knowledge, constraints
and minimisation approaches into a multi-step procedure. In many cases this works through
a multi-resolution approach. Commercial packages are also moving in this direction,
although the ability to process both close-range convergent images (or oblique aerial
imagery) as well as vertical aerial images is still very limited.

As dense image matching is a task involving a large computing effort, researchers have
started to use advanced techniques such as parallel computing and implementation at the
GPU/FPGA level in order to reduce the computational time and allow real-time depth map
production (Kalarot et al., 2011; Hirschmiiller et al., 2012).

© 2014 The Authors
The Photogrammetric Record © 2014 The Remote Sensing and Photogrammetry Society and John Wiley & Sons Ltd 149


https://www.researchgate.net/publication/221364550_A_Comparison_and_Evaluation_of_Multi-View_Stereo_Reconstruction_Algorithms?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/221364550_A_Comparison_and_Evaluation_of_Multi-View_Stereo_Reconstruction_Algorithms?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/221364550_A_Comparison_and_Evaluation_of_Multi-View_Stereo_Reconstruction_Algorithms?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/236669562_A_comparison_of_dense_matching_algorithms_for_scaled_surface_reconstruction_using_stereo_camera_rigs?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/209803993_Effects_of_Various_Factors_on_the_Accuracy_of_DEMs_An_Intensive_Experimental_Investigation?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/266481859_Analysis_of_Real-Time_Stereo_Vision_Algorithms_On_GPU?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/259584244_Automatic_3D_Object_Reconstruction_from_Multiple_Images_for_Architectural_Cultural_Heritage_and_Archaeological_Applications_Using_Open-Source_Software_and_Web_Services?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/247935986_Computer_Vision_Algorithms_and_Applications?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/292603121_Operational_experiences_of_digital_photogrammetric_systems?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/292603121_Operational_experiences_of_digital_photogrammetric_systems?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==
https://www.researchgate.net/publication/37463836_On_Benchmarking_Camera_Calibration_and_Multi-View_Stereo_for_High_Resolution_Imagery?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==

REMONDINO et al. State of the art in high density image matching

EVALUATED DENSE IMAGE-MATCHING ALGORITHMS

Each of the four tested and analysed dense image-matching algorithms will now be
briefly summarised. Further details can be found in the referenced publications. A
qualitative example of image-matching results achieved with the evaluated software systems
is shown in Fig. 2.

SURE

SURE (photogrammetric SUrface REconstruction from imagery) (http://www.ifp.
uni-stuttgart.de/publications/software/sure/index.en.html) is a MVS method (Haala and
Rothermel, 2012; Rothermel et al., 2012) where a reference image is matched to a set of
adjacent images using a semi-global matching (SGM) type of stereo algorithm
(Hirschmiiller, 2008). For each pair, a disparity map is computed; then all disparity maps
sharing the same reference view are merged into a unique final point cloud capitalising on
the redundancy across the stereopairs. Within a premodule, a network analysis and selection
of suitable image pairs for the reconstruction process is performed. Epipolar images are then
generated and a time- and memory-efficient SGM algorithm is applied to produce depth
maps. All these maps are then converted in 3D coordinates using a fusion method based on
geometric constraints that both help in reducing the number of outliers and increase
precision. With respect to the classical SGM approach, SURE searches pixel
correspondences using dynamic disparity search ranges and a tube-shape structure is
employed to store costs of potential correspondences. Moreover, SURE implements a
blunder removal approach and it is computationally very efficient. Although SURE is a
commercial product, a free version is available for research purposes.

MicMac

MicMac (http://www.MicMac.ign.fr) is a multi-resolution and multi-image method
(Pierrot-Deseilligny and Paparoditis, 2006) which implements a coarse-to-fine extension of
the maximum-flow image-matching algorithm presented in Roy and Cox (1998). The
surface measurement and reconstruction is formulated as an energy function minimisation
problem, that is, a minimal cut is found on a graph. The global energy function accounts for
both the correlation and the smoothing term. Thus, the problem is solved in polynomial
time (implying it is reasonable to compute) with classical minimal cut and maximal flow
graph theory algorithms. The procedure was originally developed to deal with large, high-
resolution satellite images, but it can now also process large and complex terrestrial
sequences or aerial blocks. MicMac uses pyramidal processing: starting from a lower
resolution, the matching results achieved in each pyramid level guide the matching at the
next, higher resolution, level in order to improve the quality of the matching, up to the full
resolution.

MicMac operates according to two different strategies, called “image” and “ground”
geometries. In the former approach, the user selects a set of master images for the
correlation procedure; then for each candidate 3D point a patch in the master image is
identified and projected to all the neighbouring images, and a global similarity is derived. In
the ground geometry strategy, a voxel is defined according to the block size and camera-to-
object distance; then every candidate 3D point is back-projected onto the images and a
global similarity is derived. Finally, for both strategies, an energy minimisation approach is
applied to enforce surface regularities and avoid undesirable jumps. MicMac is open source
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and provides for detailed and accurate 3D reconstructions preserving surface discontinuities,
thanks to its optimisation process. MicMac can be linked to the Institut Géographique
National (IGN) orientation module Apero and to the ortho-image generator Porto. In the
following tables and figures, MicMac is referred to by MM.

PMVS

PMVS (patch-based multi-view stereo, http://www.di.ens.fr/pmvs/) is a matching
method (Furukawa and Ponce, 2010) which follows a multi-step approach that does not
need any initial approximation of the surface. A “patch” p is a local tangent rectangle
approximating a surface whose geometry is fully defined by the position of its centre c(p)
and the unit normal vector oriented towards a reference image R(p) where it is viewed.
After the initial matching step, a propagation of reconstructed semi-dense patches is
performed with a final filtering to remove possible local outliers. In its original
implementation, the surface-growing method simultaneously used all the images of the
processed dataset, which can lead to a very large demand on computer memory. This
issue was solved via a clustering of the input images, with the reconstruction of sub-
spaces of the scene. PMVS software is open source and uses oriented and distortion-free
images.

Photoscan

Agisoft Photoscan (http://www.agisoft.ru) is a commercial package able to
automatically orient and match large datasets of images. Due to commercial considerations,
little information is available concerning the internal matching algorithms employed.
Nevertheless, from the authors’ experience and from the achievable 3D measurement results,
the implemented image-matching algorithm seems to be a stereo SGM-like method (for this
study, version 0.9.0 of Photoscan was used). Normally the software delivers results that are
already meshed, but for the evaluations in this study the “raw” point clouds were computed
and exported (not the vertices of the mesh). Photoscan is referred to in the following tables
and figures by PS.

Original image SURE MicMac (MM) PMVS Photoscan (PS)

FI1G. 2. An image dataset processed with all the tested algorithms. Original image (left) and derived dense point
clouds generated with SURE, MicMac (MM), PMVS and Photoscan (PS). In the lower images, the
enlargements show notable differences between the point clouds.
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DATASETS AND EVALUATION METHODOLOGY

In order to evaluate the performance and potential of the four dense image-matching
algorithms under various conditions, eight test datasets were selected. Specifically, five
terrestrial photogrammetric datasets were considered: A — Cube, B — Augusto, C — Stele, D
— Fountain (Strecha et al., 2008) and E — Buergerhaus. Additionally, there were three aerial
cases: F— Ventimiglia, G — Marseille and H — Primiero (Fig. 3). The main characteristics of
the employed datasets are summarised in Tables I and II. The datasets are characterised by
different image scales (ranging from 1:16 000 for the Marseille aerial case to 1:10 for the
Cube dataset), image resolution, number of images, camera network, baseline length, object
texture and size.

With respect to other benchmarking datasets available in the photogrammetric and
computer vision communities (for example, Middlebury — www.vision.middlebury.edu), the
employed images have a higher resolution and feature more complex real scenes and
objects, with no black background or controlled image acquisition. Moreover, the
evaluations presented are performed on the raw output of the matching (that is, on the 3D
point cloud) and not at mesh level. In order to have a common starting point for testing the
image-matching algorithms, all the datasets were first oriented via a bundle adjustment and
the images were undistorted. The orientation parameters achieved and the idealised images
were then used to run all the image-matching tests. The matching algorithms were run
trying to ensure similar settings between them.

All the tests were carried out using the second-level image pyramid, that is, at a
quarter of the original image resolution. There were two reasons for this choice: (a) to
keep the time and processing effort low (a reasonable trade-off between processing effort
and resolution); and (b) to allow a comparison with the ground truth where available.
Thus, the derived dense point clouds have a sampling resolution of twice the
original image GSD. The image-matching results were evaluated using the following
procedures:

(1) For the Augusto, Fountain and Buergerhaus case studies, the photogrammetric
point clouds (PH) were compared against a meshed model obtained with a
terrestrial laser scanner (TLS).

(2) For the Cube dataset, a flatness measurement was performed on both the top and a
side face.

(3) For the Stele and aerial cases, selected cross sections were extracted and the
profiles obtained were compared.

TABLE II. Main characteristics of the ground truth employed for each dataset.

Dataset Ground truth Evaluation Spatial resolution (mm) Accuracy

A — Cube Best-fit plane Flatness error - -

B — Augusto Triangulation TLS mesh  Euclidean distances 0-5 0-2mm

C — Stele - Profiles — -

D — Fountain ToF TLS mesh Euclidean distances 3 <Smm @ 10m
E — Buergerhaus ToF TLS mesh Euclidean distances 10 <Smm @ 10m
F — Ventimiglia ToF TLS mesh Profiles 3 <Smm @ 10m
G — Marseille - Profiles - -

H — Primiero - Profiles - -

TLS = terrestrial laser scanner; ToF = time of flight using phase shift.

© 2014 The Authors
The Photogrammetric Record © 2014 The Remote Sensing and Photogrammetry Society and John Wiley & Sons Ltd 153


https://www.researchgate.net/publication/37463836_On_Benchmarking_Camera_Calibration_and_Multi-View_Stereo_for_High_Resolution_Imagery?el=1_x_8&enrichId=rgreq-6c35725117c021bedd21f8dc857e409a-XXX&enrichSource=Y292ZXJQYWdlOzI2MzQ2NTg2NjtBUzoxNTE0MDE3OTU2OTA0OTZAMTQxMzEwODQwOTIzOA==

REMONDINO et al. State of the art in high density image matching

(a) Cube (b) Augusto

(c) Stele (d) Fountain
(e) Buergerhaus ) (f) Ventimiglia

(g) Marseille (h) Primiero

F1G. 3. The image datasets used for the evaluation and analysis of dense matching algorithms. For each dataset,
the image network (left) and one to two images are shown.

EVALUATION RESULTS
A — The Cube Dataset

The Cube is a porous object made of building materials (breeze block). The dataset
features a very small GSD (smaller than 0-07 mm) and convergent images with a maximum
angle of about 80°. The planar top face and one side face of the cube, highlighted in red
and blue, respectively, in Fig. 4(a), were selected from the measured dense point clouds and
a best-fit plane was computed for each face. The photogrammetric targets placed on the
object (Fig. 4(b)) were excluded from the computation. The deviations from the best-fitting
planes are shown in Fig. 5. For both faces, all the matching algorithms delivered an average
flatness error smaller than the GSD (equal to 0-13mm on the object) employed in the
second-level pyramid matching.

(@ (b)

FI1G. 4. (a) The top and a side face of the cube, highlighted in red and blue, respectively. (b) Best-fitting plane
computed on one side.
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osure = 0-127 mm

Osure = 0-113 mm Opmvs = 0-059 mm Ops = 0-090 mm

F1G. 5. Evaluation results for the Cube. Upper: top face (red in Fig. 4(a)). Lower: frontal side face (blue in
Fig. 4(b)). Small deviations from ground truth shown in light blue and yellow; large deviations in dark blue and
red.

The four matching algorithms showed similar behaviour, except for PMVS which was
characterised by an opposite systematic deviation trend. Nevertheless, for the top face the
highest deviations (of the order of four times the average flatness error) were localised in
the same position for all the matching results, corresponding to the true roughness of the
object surface. This was not the case on the side face as the images featured a somewhat
inclined view, and the algorithms tested did not always correctly match the images and
reconstruct the true roughness of the object.

B — The Augusto Dataset

Augusto is a small statue made of white matte plastic, approximately 35cm in height
and 20cm in width. A mesh model from a triangulation-based laser scanner was used as
ground truth for the analyses.

The photogrammetric survey of the statue was realised with a Nikon D3X camera with
a random grey pattern projected onto the object. The deviations from the ground truth for
all four matching solutions were of the order of the matching sampling resolution (about
0-15 mm on the object), except for MM which produced higher deviations (Fig. 6).

C — The Stele Dataset

The Stele, an inscribed marble slab, has quite a homogenous texture, so it constitutes a
challenging dataset for matching algorithms. To evaluate the matching results, two profiles,
across two pairs of letters, were extracted from the photogrammetric point cloud, as
indicated in Fig. 7.
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A
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osure = 0-20 mm ovw 0-74 mm Opmvs = 0-16 mm ops = 0-10 mm

F1G. 6. Evaluation results for the Augusto statue dataset. Small deviations from ground truth shown in light
blue and yellow; large deviations in dark blue and red.

B SURE B Micmac B PMVS B PhotoScan

FiG. 7. Evaluation results for the Stele dataset along the two profiles. Upper images for the letter pair “MA”.
Lower images for letter pair “BI”.

The profiles refer to the pairs of letters “MA” and “BI”. In the first pair of letters, the
profiles from SURE and Photoscan were smoother and more regular than those from
MicMac and PMVS. In the second pair, the differences between the profiles from each of
the algorithms were less evident. The maximum difference was of the order of 1 mm, which
corresponds to the mean GSD of the image pyramid level used for the matching.

D — The Fountain Dataset

The Fountain dataset was selected for its interesting shape, with undercuts, complex
relief detail and a quite uniform texture. The image-matching results were compared to a
reference TLS dataset and the surface deviations, indicated by Euclidean distances, are
shown in Fig. 8. On the wall beside the fountain and on flat fountain elements, the
deviations for three of the four matching algorithms were of the order of the image-
matching sampling resolution (a GSD of about 6 mm on the object); the exception was
MicMac which produced slightly noisier results than the other matching solutions. For all
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the matching algorithms, the highest deviations were concentrated in edge areas. Overall,
the surfaces produced by MicMac and Photoscan were nosier than those from PMVS and
SURE.

E — The Buergerhaus Dataset

This terrestrial dataset of a historic German building features convergent imagery with
highly variable baselines and camera-to-object distances. Possibly due to the non-
conventional camera network, the following behaviour of the image-matching algorithms
was observed: (a) SURE was not able to reconstruct the bottom left part of the facade; (b) a
similar problem was observed with MicMac as the software requires a reference image
while the dataset lacked an image depicting the whole fagade; (c) PMVS delivered the
whole facade but the surface area at the bottom left contained excessive noise. The surface
differences between the photogrammetric point clouds and the reference TLS data are
indicated in Fig. 9.

The largest standard deviations, of the order of 10 mm, were observed in the MicMac
and PMVS point clouds, whereas the smallest, equal to 7mm, was obtained with SURE. It
is noteworthy that these values are all of the order of the point-cloud spatial resolution (the
GSD of the image pyramid level used for the matching was close to 10 mm). As expected,
the largest deviations of =40 mm were observed in textureless and dark regions. A small
curvature in the shape of the photogrammetric point clouds obtained with MicMac and
Photoscan (especially) was also observed.

F — The Ventimiglia Dataset

The flight over the Roman amphitheatre at Ventimiglia in Liguria, Italy, was realised
with an unmanned aerial vehicle (UAV) (remotely piloted aircraft system — RPAS) platform
(a model helicopter) equipped with a Nikon D3X camera. A time of flight (ToF) phase-shift
TLS was also used to survey the amphitheatre and the derived mesh model was used as the
reference surface. The image-matching sampling resolution was about 6 mm on the object,
which is twice the original image GSD. For the geometric evaluation, the photogrammetric
point clouds were segmented into steps, as indicated in Fig. 10. The matching algorithms
were able to correctly reconstruct the step tread surfaces, but not the vertical surfaces of the

osure = 0-011 m oum =0-016 m Opmys = 0-012 m ops=0-012m

F1G. 8. Evaluation results for the Fountain dataset. Comparison and standard deviations between the TLS
ground truth and the photogrammetric point clouds. Small deviations from ground truth shown in light blue and
yellow; large deviations in dark blue and red.
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Fi1G. 9. Evaluation results for the Buergerhaus dataset. Differences between the photogrammetric point clouds
and the ground truth (TLS) are reported. Small deviations from ground truth shown in light blue and yellow;
large deviations in dark blue and red. Black areas represent no data.

risers. This was largely anticipated because of the low incidence angles on these surfaces
from the vertical photography. A smoothing effect can be observed in the extracted surfaces
produced by all four matching algorithms.

G — The Marseille Dataset

This dataset in southern France is composed of aerial images acquired with a DMC
large-format camera. It is characterised by a small image scale, but a high image resolution
(large number of pixels). For the comparative analysis, as no ground truth was available, a
reference building was selected and two cross sections were extracted from the
photogrammetric point clouds (yellow P1 and green P2 planes in Fig. 11).

In this case, the image-matching sampling resolution was about 24 cm on the object,
which is again double the original image GSD. The extracted profiles show that the ground
level was equally well reconstructed by three of the matching algorithms, but less well
produced by PMVS. The bell tower was reconstructed by MicMac and PMVS, while points
on the vertical walls were provided only by MicMac and Photoscan.

H — The Primiero Dataset

These images with a 9-5cm GSD over the Trentino region of Italy, were acquired with
a Nikon D3X camera from a helicopter flying over an urban area. Shown in Fig. 12 are
height profiles 1 and 2 taken from the point clouds. These traverse three buildings and a
large roof, respectively. The SURE profiles reveal that the software was able to correctly
reconstruct the ground surface and the shape of the roofs, with little noise and few outliers.
Similar results were obtained with MicMac, while PMVS and Photoscan produced noisier
and over-smoothed profiles, respectively. Photoscan was able to reconstruct the vertical
walls of the buildings, illustrating that its matching algorithm uses stereopairs whose point
clouds are then merged into a unique final point cloud (the other algorithms might use
higher thresholds for a minimum number of rays for each 3D point).

CONCLUSIONS

This paper has presented a review of the performance of four state-of-the-art dense
image-matching software systems, two each from the commercial and open-source domains.
From the accuracy analyses of point clouds derived via image matching conducted in this
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F1G. 10. Evaluation results for the Ventimiglia dataset. The profiles along the theatre steps (1, 2 and 3 in the
upper image) are enlarged and highlighted in the central (1) and lower (2 and 3) images.

investigation, which covered eight varying objects and scenes, it can be clearly seen that
photogrammetry continues to be a very viable technique for dense 3D reconstruction
purposes. Photogrammetry could be said to have re-emerged from lidar’s shadow into a
viable highly-automated technology, able to provide precise and dense 3D surface
measurements of complex and detailed objects at various scales. Stereo or multi-image
approaches are available, based on local or global minimisation methods. The results from
this investigation highlight both the significant advantages and some disadvantages of the
photogrammetric approach utilising dense matching. Many of these are functions of input
parameter selection. On one hand this is good because the user can control and adjust the
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FiG. 11. Evaluation results for the Marseille dataset. The two profiles P1 and P2, orthogonal to each other and
to the building quadrangle highlighted in the upper right image, are shown in the two lower plots.

object reconstruction performance according to the characteristics of the dataset. On the
other hand, it is not optimal to have too many, and often unclear, parameters as they can
affect the results achieved by non-experts who prefer fully automated “black-box” tools.
Comparative assessments of the accuracy and performance of the four dense matching
algorithms have not been an easy task. Different evaluations have been reported using eight
varying datasets and imaging configurations which cover a broad range of real applications
and provisions of ground truth. No ranking has been reported, primarily due to the fact
that dense image matching is a topic of ongoing research and new developments are
continuously being implemented, notwithstanding the difficulties in defining appropriate
settings to run the matching. While the reported results illustrate that all four matching
algorithms have considerable potential, it should be recalled that due care must be taken in
the image acquisition and parameter selection phases, otherwise even a well-proven and
robust matching method may be found to have produced an unsatisfactory 3D
reconstruction. In the experiments reported, the parameters for the four matching algorithms
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F1G. 12. Evaluation results for the Primiero dataset along profiles 1 and 2 in the upper left image. The profiles
show certain noise in the data as well as some smoothing effects.

were optimally tuned on the basis of the operator’s experience, gained after familiarisation
with the software. A deep analysis of the reported results has highlighted that some imaging
configurations and scene/object characteristics — such as the presence of shadows, sharp
discontinuities and small structures — still cause problems for dense matching algorithms.

An evaluation of the computational time necessary to perform the dense 3D recon-
structions (Fig. 13) shows that the processing time is, as expected, directly proportional to the
dimensions of the dataset (total number of pixels) and also to the number of reconstructed 3D
points.

It should be noted that large differences in the total number of points generated by the
four matching algorithms (see Fig. 13) do not necessarily indicate significant quality
differences in the final 3D reconstruction. For example, PMVS employs a true multi-image
matching approach, meaning that for each object point visible in multiple images only one
unique 3D point (which satisfies certain geometric conditions) is computed. On the other
hand, a 3D point is computed for each pixel in the overlapping area of each stereopair in the
Photoscan and SURE methods. In such cases, for n stereopairs, n 3D points corresponding to
the same object point can be computed. This is particularly true in the case of large GSD and
sub-pixel matching, leading to clusters of 3D points grouped near each other in the object
space (but representing the same 3D point). This large number of points then can be
successively averaged or statistically reduced to a cloud of unique points, but the user
needs to consider a proper workflow that takes into account the point-cloud processing
requirements for point averaging, de-noising and filtering.

Doubtless, new algorithms that incorporate the best features of existing methods, as
exemplified by the four algorithms considered in this paper, are presently being developed.
The requirements for such an optimal image-based 3D reconstruction system providing
successful, powerful and reliable image matching should be:
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FiG. 13. Evaluation of the computational time for the image datasets employed. The time is compared with the
total number of pixels of the datasets and with respect to the number of retrieved 3D points. An exponential
behaviour of the time with respect to the number of derived points is, as expected, clear, but not overly strong

for all the evaluated solutions.

(1) utilise accurately calibrated cameras and oriented images;

(2) employ image networks with strong geometric configurations;

(3) use local and global image information;

(4) combine different matching strategies to overcome textureless areas and preserve
geometric discontinuities;

(5) operate a global consistency check amongst the matching candidates;

(6) exercise constraints to restrict the search space;

(7) consider an estimated shape of the object as a priori information;

(8) use multiple images simultaneously for reliability reasons;

(9) employ strategies to monitor and report matching results and quality;

(10) produce dense point clouds with a sufficient resolution to describe the object’s
surface and its discontinuities;

(11) adaptively tune the parameters in order to preserve edges and to avoid too many
points in near-planar areas;

(12) guarantee 3D points in regions with poor textures or illumination and scale
variations; and

(13) provide for quality indicators, including matching statistics and accuracy and
reliability measures.

Some of these points provide interesting future research topics.
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Résumé

L’histoire de I'appariement d’images remonte a plus de cinquante ans, lorsque les premiéeres expériences
ont été réalisées avec des procédures analogiques pour des applications cartographiques. L’intégration récente
d’algorithmes de vision par ordinateur et de méthodes photogrammeétriques a rendu possibles des procédures
trés intéressantes dans lesquelles la modélisation 3D a base d’images est de plus en plus automatisée.
L’appariement d’images est une des étapes essentielles de la modélisation et de la cartographie
tridimensionnelles. Cet article passe en revue et analyse de maniére critique quatre algorithmes d’appariement
dense d’images, disponibles dans des logiciels libres et commerciaux, pour la production de nuages denses de
points. Les huit jeux de données utilisés sont des scenes issues de blocs d’images terrestres et aériennes,
acquises avec des axes de prise de vue convergents et paralléles, et a différentes échelles. L’analyse
géométrique présentée consiste a comparer les nuages de points obtenus par les différents algorithmes, entre
eux ainsi qu’avec des données de terrain.

Zusammenfassung

Die digitale Bildzuordnung hat seit den ersten analogen Ansdtzen fiir die automatisierte Kartierung eine
tiber 50-jihrige Geschichte. Die Integration von Computer Vision Algorithmen und photogrammetrischen
Methoden hat zu Verfahren gefiihrt, die den gesamten Prozess der bildbasierten 3D-Modellierung zunehmend
automatisieren. Die Bildzuordnung ist einer der zentralen Schritte in der 3D-Modellierung und der Kartierung.
Dieser Beitrag gibt einen kritischen Uberblick und eine Analyse von vier Bildzuordnungsverfahren, die als
Open-Source oder kommerziell erhdltlich sind und durch dichte Zuordnung dichte Punktwolken erzeugen. Die
Basis fiir die Evaluation bilden acht Datensdtze aus terrestrischen und Luftbildblocken, die mit konvergenten
und mit Normalaufnahmen in verschiedenen Mafstiben erzeugt wurden. Die vorgestellten geometrischen
Analysen umfassen Vergleiche der erzeugten Punktwolken untereinander aber auch zu Solldaten.

Resumen

La correspondencia de imdgenes tiene una historia de mds de 50 anos, desde los primeros experimentos
realizados con procesos analdogicos y fines cartogrdficos. La reciente integracion de algoritmos de vision por
computador y métodos fotogramétricos estd dando lugar a procedimientos interesantes que automatizan cada
vez mds todo el proceso de modelado 3D basado en imdgenes. La correspondencia de imdgenes es uno de los
pasos clave en el modelado 3D y la cartografia. Este articulo presenta una revision critica y un andlisis de
cuatro algoritmos de correspondencia de imdgenes, disponibles como software libre y comercial, para la
generacion de nubes densas de puntos. Los ocho conjuntos de datos usados incluyen escenas pertenecientes a
bloques terrestres y aéreos, adquiridos con imdgenes convergentes y de ejes paralelos, y a diferentes escalas.
Se analiza geométricamente las nubes de puntos producidas con cada algoritmo compardndolas con la de los
otros y también con la referencia.
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