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History and State-of-the-art in 3D
Reconstruction

In Chapter 2 we have established the basics of visual geometry and the standards we

use in the rest of this Thesis; this chapter is focused on the state-of-the-art in 3D

reconstruction. Given the extent of the field and the number of subprocesses involved,

we focus on urban scene reconstruction and study the details and patterns used in well

founded and state-of-the-art methods. We begin our journey in the late 90’s and explore

reconstruction methods based on user interaction. That leads towards more automated

approaches were information is automatically extracted from images and other sources.

Finally we review current methods for city size reconstructions. Details on specific

steps of the reconstruction process are discussed when appropriate and otherwise left

for Chapter 4 when we discuss in detail each of the reconstruction steps.

3.1 User Guided Reconstruction

In Chapter 2 we have reviewed the mathematical principles of the pinhole camera model

and how these are used to describe the imaging process of objects in real life. We have

also defined the coordinate systems used to reference cameras, objects and images.

These however do not say anything about the reconstruction process. In this section

we make a thorough review of the history of 3D reconstruction from the perspective of

methods that use mostly user interaction. We begin by exploring the early methods

and work our way towards state-of-the-art techniques.
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3. HISTORY AND STATE-OF-THE-ART IN 3D RECONSTRUCTION

Traditional fully manual reconstruction is a painstaking job. The work is usually per-

formed by creating basic geometric primitives based on visual inspection of the area

to be reconstructed. It requires not only a deep understanding of the reconstruction

software but also considerable experience and many human work hours.

Early work can be categorized in either geometry-based approaches or image-based ap-

proaches. Geometry driven methods require digitizing the imaged object plans or draw-

ings. These objects typically consist of architectural landmarks. A very user intensive

process of placing elements in the scene is then performed to build the complete model

to the required level of detail. Image driven approaches on the other hand take ad-

vantage of image geometry. They require a lot of images and offer poor reconstruction

fidelity and still require user supervision for finding image feature matches across frames

(stereo matching).

Debevec et. al. [10] proposed in 1996 a hybrid approach for modeling and rendering

architecture from a sparse set of images. Their approach was supervised by a user but

combined the advantages of both geometry-based and image-based techniques. In their

system the user was responsible for selecting a few images and interactively building

a basic geometric model. Based on stereo matching, the user introduced step by step

different primitives such as boxes, prisms and surfaces of revolution. During the model-

ing stage, the user was requested to select edges in the images that match components

in the model. Their system relied on edge features rather than point features, given

that they are easier to localize and are more robust against occlusion. Novel views of

the scene were created using viewpoint dependent texturing and additional details were

recovered using automatic stereo correspondence.

Having defined a model and the corresponding edges in the selected images, the system

then solved the stereo matching problem by minimizing a function that measured the

disparity between the projected edges of the model and edges marked in the images.

Texture was finally applied in a view dependent approach where the original image was

warped to match the novel view point.

The work of Debevec et. al. was one of the first to offer an easy to use, noninvasive

system that required only sparse images of the scene. In summary they created a user

guided system that can accurately reconstruct architectural scenes in a fraction of the

time of previous attempts by taking advantage of the combination of geometry- and

image-based approaches.
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3.1 User Guided Reconstruction

Even though their work significantly decreased user interaction with respect to earlier

geometry-based approaches, it was still labor intensive and the user interaction stage

had more weight than the image-based stage.

In 1999, Cipolla et. al. [11] tipped the balance towards automatic reconstruction. Their

approach was similar to Debevec, requiring the user to select a few edges in the images

that were either parallel or perpendicular in the world. They took advantage of the

strong rigidity constraints of parallelism and orthogonality in both indoor and outdoor

architectural scenes.

Having defined edges that fulfill their constraints, the internal calibration parameters

were found by exploiting the vanishing points of three mutually orthogonal directions.

A projection matrix P was then computed linearly for each view point from three

vanishing points and one reference point. These projection matrices were further refined

via epipolar constraints and additional image feature correspondences. Finally, the

projection matrices were used to obtain more image feature matches and 3D textured

triangles to represent the scene.

Their system was an interesting advance from Debevec’s work in the sense that it only

required the user to select a few meaningful edges. The remaining computations were

done automatically with the mathematical principles we have described in Chapter 2.

Their approach worked with as few as two images, and although it is extendable to

more images, it becomes more user intensive as more edges need to be selected in all

images. Additionally, the system only worked with the strong constraint of having

three orthogonal directions visible in the scene, which is not always realistic, especially

in urban environments when only one facade and the ground are visible in the image

(or buildings are not truly orthogonal).

More recent work by Sinha et. al. [12] in 2008 pushes even further the emphasis towards

automated computations. As Cipolla, they present a user guided reconstruction system

where the user is required to select 2D outlines of planar sections. One major difference

with previous systems is the preprocessing step. They employ a SfM technique similar

to Snavely et. al. [13] where image features are matched across a collection of pictures in

order to recover camera poses and a sparse 3D point cloud. Additionally, they extract

lines that are used to estimate vanishing points. All this information is used during

the interactive modeling process where the user sketches polygons in the images that

correspond to planar sections in the real world. Using a robust framework, the normal
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3. HISTORY AND STATE-OF-THE-ART IN 3D RECONSTRUCTION

vector and depth are estimated for each plane, building a piecewise-planar model that is

finally textured. The final stage allows the user to use brush strokes to remove artifacts

caused by structures that were not modeled.

The major advantage of the system compared to previous work is the preprocessing

stage in which most of the camera parameters are estimated using image feature corre-

spondences. This allows the user to concentrate on defining the piecewise-planar model

while a very large collection of pictures is used for building the model. Additionally, the

created model is not based on textured triangles but on large piecewise-planar polygons.

The texture of those polygons is computed using an optimization procedure in order to

generate a seamless texture map, which is also an extension to the viewpoint dependent

texturing approach of Devebec. The authors show some reconstructed models of vary-

ing detail, with user times ranging from a few minutes up to two hours where roughly a

hundred images are used and a few hundred polygons are produced. Even though this

is an impressive modeling system that requires only simple interaction, it would still

prove unfeasible for very large image collections or extended areas such as a city.

We thus see an evolution from user guided systems to automated approaches. Informa-

tion was first used to guide the position of the cameras, then to accurately estimate both

the camera calibration and projection matrices and finally to extract large amounts of

3 dimensional points and to compute texture or higher dimensional primitives.

3.2 Automated Reconstruction

One of the firsts attempts to obtain a fully automated reconstruction was by Hartley

[14] in 1992. He proposed a non-iterative algorithm to estimate both the calibration and

projection matrices of two cameras given a set of feature correspondences between the

two images. His approach represented an important step forward from previous work

in that he estimated both the internal parameters (focal length and principal point),

previously assumed known, and the relative pose of the two images. His work served

as the foundation of modern SfM techniques and 3D reconstruction methods. At this

point, all image feature correspondences were matched manually across images.

Pollefeys et. al. [15] proposed in 1996 a system to extract 3D structure from a set of

images taken with cameras with different internal parameters. Their approach elim-

inated the constraint of using a single camera with the same internal calibration for

26



3.2 Automated Reconstruction

all images. They also automated the image feature matching process using Deriche’s

corner matcher [9].

As with the user guided systems, there is also the possibility to use lines as image

features rather than only points. Furthermore, given the availability of higher resolution

cameras, it is also possible to obtain aerial images of urban areas or architectural scenes

that can be used for reconstruction.

Baillard et. al. [16] presented in 1999 an approach based on aerial images where line

features were found and matched. These line features were then used to automatically

find a piecewise planar reconstruction. Their work innovated by using aerial images

and linear features but was still limited to 6 views. They extended further their work

in 2000 [17] to incorporate the space-sweep strategy of Collins [18].

In 2000 Hartley and Zisserman [1] summarized all the basic ground work in visual

geometry in what was to become one of the most widely used textbooks in computer

vision. Their work represents a milestone in 3 dimensional scene reconstruction from

images.

Werner et. al. [19] extended in 2002 the piecewise planar reconstruction of Baillard.

Ground level images were used instead of aerial ones. This produced a higher level of

detail at the facade and ground level. After the basic piecewise planar reconstruction

was obtained, the facets were used to guide the search for indentations and protrusions

in order to model windows and doors. As with previous work, their approach still

required three principal directions to be visible. Also, the images needed to contain

sufficient information to obtain the vanishing points of these directions. One of the

most interesting contributions was the plane sweeping algorithm used to refine the

planar facets. The method consisted of sweeping a plane across the scene in some

principal direction and computing the correlation of the projected pixels. More detailed

geometrical models for rectangular sections (doors and windows) and wedge blocks

(dormer windows) were then fitted to candidate areas that did not coincide with the

determined planes. As with its predecessors, the method was limited to three images

that needed to depict three principal directions and only two types of detailed models

were used. Generalization to a larger more generic scene with more images was difficult.

In 2004, Pollefeys [20] presented a complete fully automated system to reconstruct

models from images. His system was no longer bound to a small set of images but

rather could deal with uncalibrated images recorded with a hand-held camera. Instead of
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3. HISTORY AND STATE-OF-THE-ART IN 3D RECONSTRUCTION

computing the camera positions based only on image feature correspondences, Pollefeys

built a collection of object points that were then matched with image features to obtain

a novel camera pose. He employed an optimization method based on the work from

Triggs et. al. [21] in order to refine the estimated camera positions and the reconstructed

model along with an iterative procedure to optimize the object points in 3D space. He

also performed a dense reconstruction from adjacent images and fused the resulting

models into a single large reconstruction. The resulting model was approximated by

a triangular mesh to which texture was applied. Reconstructions of several tens of

images were produced depicting both urban and architectural areas. His work was one

of the first fully automated reconstruction systems where multiple images were used

to accurately reconstruct the scene. An interesting aspect of Pollefey’s system was

the combination of individually researched steps integrated in a single reconstruction

pipeline.

Snavely et. al. [13] in 2006 employed Pollefeys’ reconstruction pipeline and built a

complete system to explore large collections of images. They made use of robust SfM

techniques and created a system where the user could navigate image collections by

taking advantage of the reconstructed structure. They showed experiments where hun-

dreds of images were used to reconstruct and navigate architectural scenes. Also, new

images could be registered and added to the collection on the fly. They took advantage

not only of the information obtained from image feature matches but also from the Exif
1 information contained in the image file, which they used in the initialization step.

Their work resulted in the toolbox Bundler, freely available online for performing SfM

for unordered image collections. Given that the image collections were sparse, a key

element in their work was the use of optimization techniques for obtaining consistent

reconstructions. They solved and optimized the camera poses using the sparse bundle

adjustment by Lourakis et. al. [22], which minimized a cost function based on the re-

projection error and the reconstructed structure in order to optimize the camera poses

and calibration matrices. Even though they used large collection of images, the system

was not applied to large scale scenes. Mostly single buildings, architectural landmarks,

were used.
1Exchangeable Image File format is a standard for the specification of files used in digital cameras.

It contains information about time and date, camera configuration and internal parameters, location
and copyright.
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3.3 Large Scale Reconstruction

More recently, in 2007 Mordohai et. al. [23] extended the reconstruction pipeline pro-

posed by Pollefeys by adding GPS and INS data and collecting the image sequences

from video. Furthermore, they built a system consisting of up to 8 cameras that they

mounted on a moving car to accurately record a large environment. They followed a

linear approach in the complete pipeline: calibration, pose estimation, and reconstruc-

tion. Given that the camera pose was initialized with the GPS and INS data, they

could process many more images than previous approaches while still employing stereo

dense matching. In their experiments they reconstructed a 80 × 40m building with a

total of 3.000 image frames from two of the cameras. They also recorded the area using

laser and employed the data for evaluation, obtaining a median error of 2.6 cm. The

work was used in the DARPA challenge on urban navigation due to speed and accuracy.

One of the essential differences from the previous approaches was the use of additional

sensors, but also the fact that they provided a dense reconstruction and not only a

sparse point cloud. Their results were of a moderate scale and not applied to full city

size environments.

Following the complete pipeline approach, Micusik et. al. [24] in 2009 presented a

system for urban 3D reconstruction based on multiple cameras with an omnidirectional

setup. Instead of using external sensors for accurate camera pose estimation, they relied

completely on image feature matches. They obtained a dense reconstruction though

they made strong assumptions about the principal directions, allowing a dense piecewise

planar reconstruction not bound to specific models. They showed reconstruction results

of urban areas of around 400 meters using 200 images.

3.3 Large Scale Reconstruction

We have explored the origins and state-of-the-art in terms of automated reconstruction.

We are however interested in city scale reconstructions, for which the work presented

in the previous section falls a bit short in terms of size and scalability.

In 2009 Agarwal et. al. [25] presented a reconstruction system for what they called

extremely large collections of images gathered from the internet. They employed a dis-

tributed system to maximize parallelism in image feature matching and reconstruction.

They claimed to be able to reconstruct entire cities within the order or one hundred

thousand images in under a day. Their success however came at the cost of using a
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3. HISTORY AND STATE-OF-THE-ART IN 3D RECONSTRUCTION

few hundred computer cores at a cost of a few thousand dollars per day. One of the

interesting aspects of their approach was the image feature matching process. With

over one hundred thousand images that were recorded from different points of view,

under different conditions, using different cameras and not in a sequence, the simple

task of finding image similarities became a challenging problem. They employed a tech-

nique inspired from text retrieval where every image was represented as a bag of words.

The words were obtained by quantizing the image features. This procedure produced

a tree where similar images were connected components. Having obtained the relations

between images they estimated the camera position and calibration. The traditional

approach used by Snavely and others was to incrementally perform nonlinear Least

Squares optimization [21] to minimize the reprojection error. At every iteration, more

images were added until all the images were accounted for. This approach was however

impractical given the number of images handled by Agarwal. Instead of the exhaustive

approach, they find a minimal set of images that compute the essential connectivity of

the complete set. For this they use the skeletal sets algorithm from Snavely et. al. [26],

and once the minimal set is found an efficient bundle adjustment method is applied.

Agarwal’s approach provided a sparse reconstruction of the main touristic sites of a

city from collections of images gathered from the Internet. They employed however a

black box approach where the problem of reconstruction was solved by a minimization

procedure distributed over a few hundred computer cores at a great expense.

One year later, in 2010, Frahm et. al. [27] presented a paper that claimed to reconstruct

Rome in less than a day using a single desktop computer. They scaled up the challenge

and used a few millions of images. Their work differed from Agarwal in many ways, not

only in the scale of the reconstruction. They retrieved not only a set of sparse colored

points but a colored depth map. They captured the image appearance using the GIST

feature [28] in order to find a set of iconic views [29]. This was the equivalent of the bag

of words approach where the results were a set of images clustered based on appearance.

They evaluated the epipolar geometry of the images within each cluster and retained

only those clusters with a high consistency, which was an indication that a stable 3D

structure could be retrieved. They also took advantage of the fact that over 50% of the

images were geolocated. This, together with a vocabulary tree search, allowed them to

geolocalize the clusters and to identify neighboring areas. When estimating the camera

calibration they employed details of the Exif files of the images or approximated them
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3.3 Large Scale Reconstruction

using a popular view angle for the camera model. Iteratively, new cameras were added

and their positions were computed. In order to avoid drift and the accumulation of error,

a bundle adjustment approach was used to minimize the reprojection error. Finally, for

all the images in the cluster a depth map was obtained for every pair of matching images

and then all maps were fused together into a single consistent colored depth map.

Their method was based on efficient parallelization and GPU (Graphics Processing

Unit) programming and achieved dense reconstructions of the major touristic sites in

Rome. They employed close to 3 million images and obtained similar results as previous

methods at a fraction of the cost.

Also in 2010 Strecha et. al. [30] proposed an approach where a complete city was

modeled. Their focus was mainly on the registration of large scale subportions of recon-

structed scenes. They realized the problem of previous systems where main attractions

were reconstructed but their geometrical relations were hardly established, creating a

sparse set of large scale reconstructions. Instead, they proposed a method where they

assumed that those large scale reconstructions exist and focused on using additional

sources of information such as geotags, GPS and GIS models to bring the independent

sparse models into a single city size model. Their framework was designed to tolerate

nonaccurate data and allowed for incremental growth as new images became available.

The advantage of their method was speed, since only simple rigid body transformations

between precomputed clusters needed to be computed. Also the method was successful

even under weak visual evidence. In their approach, they employed a large number of

constraints such as visual correspondences between clusters, GPS data or 2 dimensional

maps. For these measurements the accuracy differed, therefore they rejected outliers

that did not fit the model. Then they estimated the transformations that minimized the

alignment error, reducing the search space of transformations by employing up-vectors,

which represented the vertical direction in each cluster. They assumed that the cluster

consisted of a 3 dimensional point cloud that was obtained from images taken mostly at

the street level. In these point clouds mostly facades were visible. For each point in 3D

space, they computed the normal as the smaller eigenvector of the covariance matrix

built from the nearest neighboring points. Then they estimated the vertical direction

using the Expectation Maximization (EM) algorithm as the one which was orthogonal

to most normals. Once all the constraints were defined, they employed nonlinear opti-

mization to estimate the transformation for each cluster. They presented results of a

31



3. HISTORY AND STATE-OF-THE-ART IN 3D RECONSTRUCTION

large scale map of the city of Lausanne where multiple large scale portions of the city

were bundled together to form a single city size 3 dimensional point cloud.

3.4 Discussion

In this chapter we reviewed the developments of 3D reconstruction from the early be-

ginning to state-of-the-art methods: from simple user guided systems to fully automatic

city scale reconstructions where millions of images are used.

One of the fundamental issues that we see in the literature is the lack of a unified

reconstruction pipeline. Each author tailors her method to fit her needs and then

proposes a set of improvements with respect to previous approaches. Even though this

works for evaluating the complete method, it makes almost impossible to evaluate the

influence of each of the reconstruction steps on the complete picture. The performance

of each individual step in the reconstruction is lost in the complete pipeline. This

triggers the need to re-think the reconstruction pipeline. If we establish some common

grounds where an evaluation is performed on the algorithms employed at every stage,

we can better understand the reconstruction problem. We will treat all the steps in

detail in Chapter 4 and present an implementation in Chapter 7.

On the other hand, the state-of-the-art work on large scale reconstruction relies heavily

on bundle-adjustment-like approaches (see Chapter 4 for more details) where a set of

constraints is defined and a nonlinear optimization procedure is used to estimate the

corresponding parameters. This is employed mostly for the estimation of the camera

positions and calibration parameters. This black box approach has been shown to work

well enough but a deeper understanding of the procedure is required in order to speed

up the process. The use of these methods also hides the pure motion estimation where

even scale drift is hidden in the numerical optimization procedure. We treat in detail

the estimation of the camera poses and the scale in Chapter 4 and Chapter 5.

Reconstructions can be obtained in the form of colored point clouds, textured meshes

or colored depth maps. Except for some rare occasions where more meaningful data

is used such as the gravity vectors, these models do not contain any semantics. This

limits the use of such models to visualization purposes only. The models mainly contain

geometrical information such as points, planes or directions. However, there is no

meaning obtained by grouping those together, such as: these directions belong to the
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ground or a building is composed of these planes. We propose in Chapter 6 a set of

prototype methods for modeling large scale city reconstructions.
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