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ABSTRACT: We present a pipeline to reconstruct the 3D structure and color from
underground image sets and to present the heritage with an interactive system. Our approach
employs a Structure from motion (SfM) algorithm to recover the pose of the cameras which will
be used to reconstruct the 3D structure of the scene and to render the images in a visual reality
system based on state-of-the-art image based rendering techniques. Then the polished pose of
cameras and the coordinates of 3D points from triangulation through bundle adjustment are used
for the representation of the relics. The contribution of our work is that we never treat the
reconstructed scene and the images separately as approaches to record those heritages, on the
contrary, we combine them together to take the great advantage of the 3D information provided by
the reconstructed point clouds and the textured 3D models and the more accurate color and texture
information provided by the images simultaneously.
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1 Introduction

Large amounts of cultural heritages have been facing damages due to aging, pollution (acid rain,
haze, dust and etc.), unpredictable natural catastrophes (earthquake, flood and etc.) and increasing
human activities (tourism, war and etc.). Specifically, the magnificent Dunhuang frescoes have
been threatened by the dry climate and the desert, and the Great Buddha of Bamiyan were even
totally damaged in the war. Though various measures have been taken to protect and restore those
treasures, the vanishing of those precious relics is inevitable. To insure the descendants of human
could share the heritages with us, researchers have realized the importance to record those relics
for our descendants, modern techniques such as digital image system (Ren, 2005, Ke, 2006, Gruen,
2002, Remondino, 2009) and LiDAR (zhao, 2008) are used for digitalization of vanishing relics.

The Digital Michelangelo project (Levry, 2000) and the Digital Dunhuang project (Liu, 2005) are
best examples for the use of scanning. However, a big disadvantage of this approach is the lack of
color and texture information. Despite from that, the use of LIDAR to digitalize heritages is highly
debatable because such a technique may bring harm to precious relics due to its high energy
shooting on the surface of the relics directly. Comparatively, images has becoming the most
popular approach to record those precious relics such as ancient books, catastrophes, buildings,
statues, sculptures and so on, though most of the usages merely use images as a recording of the

relics and go no further. Though 3D reconstruction and modeling from images has been deeply
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researched, few works has been done for the application of those techniques to protect cultural
heritages. (Gruen, 2002) take the first step in reconstruction the Great Buddha of Bamiyan through
an image collection from internet. Still there is an unignorable drawback of this approach, because
the dense of the point clouds is limited due to various kinds of reasons such as mismatch which
will be very common in the application of smooth statues with similar photometric responses.

In our work, we adopt the SfM method proposed in (Snavely, 2006) which choose the first pair of
images with wide baseline and largest number of matches and add the other images successively
to recover the pose of the cameras and reconstruct the scene sparsely. Following that, to provide
much denser point clouds, we employ the patch based dense reconstruction method taking
epipolar constraint into consideration presented in (Furukawa, 2007). Our pipeline then adopts a
state-of-the-art image based rendering system which is similar to the rendering mechanism of
Photo Tourism introduced by Snavely to visualize the images combined with the reconstructed
point clouds. The system provides the users several interactions to view the images both from a
global view and at the place where they were captured. We apply this technique several data sets
including a relief, a Chinese folk style building, a cave and the exterior of a grotto.

2 Pose estimation and 3d reconstruction

The first stage of our Pipline is to recover the pose of the images. This stage follows the basic
mage based reconstruction strategy. To get the correspondences, we choose to detect SIFT (Lowe,
2004) features from each image captured about the scene due to its scale invariant ability and its
excellent performance in a circumstances with varying illumination or view point which are quite
common while capturing images of different kinds of heritages located in different locations such
as big palace, little dark caves. The 128-dimensional descriptors extracted along with the key
points will be used for the following pairwise matching of those features. The result is refined by
taking epipolar geometry into consideration in a RANSAC (Fischler, 1981) frame work. Figure 1
provide a pipeline of the feature detection and matching of 3 images.
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Figure 1. Feature detection and matching.

Once we get the correspondences among the image sets, we recover the pose of the images with
the SfM algorithm which is illustrated in Figure 2. Firstly, we choose a pair of images to establish
a local coordinate system and initialize the scene by estimating the relative orientation of these
two images and triangulate the correspondence of the image pair to get initial 3D points. To
establish the robustness of the algorithm, we choose the first pair of wide baseline and largest
number of correspondences which ensures that we have enough points with high accuracy to start
successive algorithms and the initial point cloud covers a large proportion of the scene. By
compute the mean error of the estimated homography referred as Homographic Index (HI)
through correspondence, we can evaluate the quality of the initial image pair since a minor mean
error indicate that either the images are captured at nearly the same place which will bring large
error in triangulation or the initial scene is a quasi-plane which is harmful for the estimation of

successive images.
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Figure 2 Pipeline of the SfM algorithm

While the first pair of image and the scene is initialized successfully, we add the other images
successively into the scene according to the number of reconstructed points visible in the image.
The direct linear transformation (DLT, Hartley, 2003) algorithm is usually used for the
initialization of the pose of images, however, due to over parameterization, this approach may
encounter singularity while processing a quasi-plane scene. Since prospective n point (PnP)
algorithms with less correspondences are much more stable than DLT, we employ the efficient
perspective n point (ePnP) algorithm which proposed by (Noguer, 2007) to estimate the initial
pose of those images. After the pose of the camera is refined through the tie points with a least
square optimization, additional 3D points are triangulated and followed by bundle adjustment
which has been the golden global optimization technique in SfM.

Bundle adjustment was first introduced to refine a visual reconstruction to produce joint optimal
3D structure and viewing parameters including camera pose and calibration parameters. The
bundle adjustment parameter space is a high-dimensional nonlinear manifold, which is made up
by a large Cartesian product of projective 3D feature, 3D rotation and camera calibration
manifolds. The cost function is expressed as the sum of squares of a large number of nonlinear,
real-valued functions. To accomplish such a time consuming optimization task, various kinds of
techniques have been introduced, such as preconditioned conjugate gradient () and parallel newton
method with GPU acceleration. One of the most popular techniques is to take great advantage of
the sparse characteristic of this problem. (Lourakis, 2009) develops a sparse bundle adjustment
(SBA) algorithm which utilizes the sparse geometry of this problem to solve the camera pose and
3D structure separately. SBA solve the camera pose first with the Hessian first, to reduce
calculation cost, 3D coordinates of the triangulated points are then addressed with the camera pose
deduced. Additionally, the use of Levenberg—Marquardt algorithm as the nonlinear optimization
framework ensures the algorithm can converge quickly from a wide range of initial guesses due to
its effective damping strategy.
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Figure 3 sparse reconstruction

Though we can get a sparse reconstruction of the scene along with the recovering of the pose of
the cameras, to insure the accuracy of the estimation of the pose, only points with very high
accuracy are left, see Figure 3. To get much denser point clouds, we adopt a patch based accurate
dense reconstruction method introduced in (Furukawa, 2007). In this approach, we take the coarse
geometry which is indicated as a series of patches as local tangent planes of a surface, each patch
is defined by its center with its normal and a reference image in which it is visible. We divide each
image into small cells and expand the patches into the cells without any invisible patch according
to its neighbors and search its match along the epipolar line. The result is filtered using visibility

constraints. Some results are presented in Figure 4.
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Figure 4 sparse reconstruction

3 Rendering and Presentation

Usually, images and point clouds from LiDAR are presented separately while presenting cultural
heritages. A major drawback of such an approach is that the audience can never get a high-fidelity
experience because point clouds can only provide the geometric information and the images can
only offer a view from a fixed position and direction. By combine them together we can get an
outline of the whole scene through 3D point clouds and high resolution color and texture
information from different views through shifting between images in this visualization system.
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Figure 5 Global view

Our visualization system provides the users two kinds of view of the scene. The global view mode
provides users a global view of both the geometry of the scene and the position of the cameras
while capturing those images, see Figure 5. By double clicking one of the images in the global
view, users can enter a perspective view of the scene from the position where the image was
captured, see Figure 6. Users can shift from images to images both in the global view and the
perspective view mode to appreciate the scene from different views.

(a) Perspective view 1 of old library of Wuhan university



(d) Perspective view 2 of a cave of Yungang Grotto

Figure 6 Perspective view from different view points



4 Conclusions

We developed a pipeline to reconstruct the 3D structure of our vanishing precious heritages for the
use of record or restoration and a visualization system which combines the reconstructed point
cloud and the image set together to ensure an informative and enjoyable platform. We apply this
approach to several different kinds of circumstance, the result is stable and impressive on image
sets with large overlapping.
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