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Abstract. A novel registration method is presented for 3D point clouds, ac-
quired from a multi-view camera, for scene reconstruction. In general, conven-
tional registration methods require a high computational complexity, and are 
not robust for 3D point clouds with a low precision. To remedy these draw-
backs, a projection-based registration is proposed. Firstly, depth images are re-
fined based on temporal property by excluding 3D points with large variations, 
and spatial property by filling holes referring to neighboring 3D points. Sec-
ondly, 3D point clouds are projected to find correspondences and fine registra-
tion is conducted through minimizing errors. Finally, final colors are evaluated 
using colors of correspondences, and a 3D virtual environment is reconstructed 
by applying the above procedure to several views. The proposed method not 
only reduces computational complexity by searching for correspondences on an 
image plane, but also enables an effective registration even for 3D points with a 
low precision. The generated model can be adopted for interaction with a virtual 
environment as well as navigation in it. 

1   Introduction 

Image-based reconstruction of a real environment plays a key role in providing visual 
realism while allowing a user to navigate in and interact with a Virtual Environment 
(VE). The visual realism of reconstructed models encourages a user to interact with 
the VE proactively. Furthermore, the generated VE allows the user to manipulate 
augmented objects while walking around the VE by removing/augmenting virtual 
objects from the viewpoint of Mediated Reality (MR) [1]. Unlike the methods using 
modeling tools or ones based on active range sensors, image-based modeling methods 
not only preserve realism but also provide a simple modeling process. Especially, off-
the-shelf multi-view cameras enable to generate models more easily. Thus, a delicate 
registration is required to register 3D point clouds to reconstruct models. Note that 
unlike 2D registration, 3D registration may generate interactive image-based models. 

Until now, various registration methods have been proposed. ICP (Iterative Closest 
Point) has been widely used, and Color ICP was proposed by Johnson [2][3]. Another 
approach is to project data sets onto an image plane and to pair points [4][5]. Color or 
intensity image was used to improve matches by using the intensity gradients on the 
projection plane, and back-projecting to get a 3D point pair [6]. Especially, Pulli 
                                                           
∗ This work was supported in part by MIC through RBRC at GIST, and in part by CTRC at 

GIST. 



760 S. Kim and W. Woo 

adopted a projective registration method employing planar perspective warping, and 
Bernardini et al. searched the neighborhood and paired locations that maximize the 
cross-correlations [7][8]. Sharp et al. defined invariant features to improve ICP, and 
Fisher applied projective ICP to Augmented Reality [9][10]. On the other hand, Ni-
shino et al. presented an optimization method based on M-estimator [11]. However, 
most methods rely on accurate equipments and require much time for modeling. If 3D 
points have large error variations, results are not reliable. Stereo cameras are usually 
exploited for an object modeling instead of an indoor scene reconstruction. 

To address these weaknesses, a projection-based registration is proposed. Firstly, a 
depth image is refined based on the spatio-temporal property of 3D point clouds using 
adaptive uncertainty region. Secondly, correspondences are searched for through the 
modified KLT feature tracker for projected 3D point clouds. Then, 3D point clouds 
are fine-registered by minimizing errors. Finally, each 3D point is evaluated referring 
to correspondences, and a new color is assigned. Thus, we reconstruct an indoor envi-
ronment by applying the above procedure to several views. The proposed method is 
carried out effectively even if the precision of 3D point cloud is relatively low by 
using the correlation of features with the neighborhood. Thanks to 2D-based registra-
tion, computational complexity is also low. Also, the proposed method makes 3D 
reconstruction easy just by placing a multi-view camera at several positions. 

The paper is organized as follows. In Chapter 2, 3D reconstruction of an indoor 
scene is explained. After experimental results are analyzed in Chapter 3, conclusions 
and future work are presented in Chapter 4. 

2   3D Reconstruction of an Indoor Scene 

2.1   Depth Image Refinement 

In general, passive techniques use images generated by the light reflected by objects. 
However, disparity estimation results in inherent stereo mismatching errors, usually at 
depth discontinuities and on homogeneous areas. These errors cause poor registration 
results. Thus, unreliable areas should be eliminated before registration. In this regard, 
a depth image is refined by spatio-temporal property. In the first step, erroneous 3D 
points are removed using the temporal property that the erroneous 3D points change 
dramatically in 3D space with time. In the second step, holes are filled by means of 
the spatial property that there is a spatial correlation among neighboring pixels. Fig. 1 
shows a flow diagram for 3D reconstruction. Overall procedure and its projection-
based registration part are described in Fig. 1(a) and Fig. 1(b), respectively. 

In the depth map of a static scene, depth variation of each pixel is modeled as a 
Gaussian distribution. After investigating the depth value of each pixel, we get rid of 
the pixels whose depth variation is larger than the threshold value, Thi, for the ith 
pixel. 

),,( cccii zyxThασ >  (1) 

where σi represents a standard deviation for the ith pixel and α denotes a scale factor. 
(xc yc zc)

T is a translation vector from the optical center of a camera to the center of 
uncertainty region. 
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(a) (b) 

Fig. 1. Flow diagram for 3D reconstruction (a) overall procedure (b) projection-based registration 
part of (a) 

The adaptively changing error bound appears to be ellipsoidal in a 3D space, and 
we call it as Adaptive Uncertainty Region (AUR). The AURs are determined based on 
the error tolerance of each axis [12]. Its uncertainty distance, for each axis, is modeled 
as a Gaussian distribution. The Gaussian distributions increase linearly with the dis-
tance along x or y axis, and increase monotonically with the distance along z axis, 
respectively. The ellipsoid is also rotated with respect to the optical center reflecting 
the direction of ray that originates at the camera center and passes though each pixel. 
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where (x′ y′ z′)T is a final uncertainty region in terms of 3D coordinates of a scene 
with respect to the optical center. ∆x, ∆y and ∆z represent uncertainty distances along 
each axis. 
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Then, Median filter is applied to remove spot noises. Finally, hole filling is re-
quired for the holes, generated during the above step, and homogeneous areas. That is, 
spatial property for a current 3D point, i.e. spatial correlation among 3D points of 
neighboring pixels, is exploited. 

2.2   Initial Registration 

The depth image refinement removes inherent stereo mismatching errors, and reduces 
the error bound of 3D point cloud. However, the precision of 3D point cloud is still 
low for registration. That is, the registration method exploiting the conventional ICP, 
which employs the shortest distance, is inappropriate. Thus, a projection-based regis-
tration method is proposed by effectively carrying out a pairing process that searches 
for correspondences between 3D point clouds acquired from two views, destination 
and source views. As shown in Fig. 6, we let a multi-view camera be located around a 
wall while acquiring partial surfaces successively. Destination and source views mean 
the views of a camera at the previous and current positions, respectively.  

In the initial registration phase, a rigid-body transformation is applied to 3D 
points of corresponding features to estimate the poses of a multi-view camera [13]. 
Actually, any method, such as semi-automatic one [7], can be used for the initial 
registration. Thus, 3D point clouds are initially registered. Fig. 2 shows the projec-
tion of each 3D point cloud acquired from destination and source views onto the 
destination view after the initial registration. Fig. 2(a) and Fig. 2(b) are projection 
results of 3D point clouds, which are acquired from the destination and source views, 
onto the destination view. A constant value is assigned to unprojected pixels to dif-
ferentiate them from projected ones. It should be noted that the projection of 3D 
point cloud acquired from the source view causes self-occlusion. This is eliminated 
based on the rays that originate at the camera center and pass though each pixel. 
Theoretically, Fig. 2(b) should be a subset of Fig. 2(a). However, discrepancies exist 
due to the errors in disparity estimation, camera calibration, etc. Therefore, an accu-
rate geometric relationship between two views is found by minimizing distance er-
rors between correspondences. Thus, fine registration should be employed to com-
pensate the errors. 

 

  
(a) (b) 

Fig. 2. Projected images (a) projection of 3D point cloud of destination view onto its own view 
(b) projection of 3D point cloud of source view onto destination view 

In general, projection of 3D point cloud acquired from the source view onto the 
destination view results in floating-point numbers. Thus, there occur unprojected  
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pixels. These generate false alarms when corresponding features are searched for 
through a modified KLT [14]. In this case, linear interpolation is useless since it 
makes the object boundaries smoothed. On the other hand, bi-linear interpolation 
cannot be used since the relation of two images is unknown. 

Not only to preserve an original image but also to remove unprojected pixels, a 
two-step integer mapping is presented as shown in Fig. 3. Firstly, a search range is set 
to −0.5~0.5 along x and y axes for a grid point. The color of grid point is decided by 
relative distances with neighboring pixels. Secondly, the search range is expanded to 
−1.0~1.0 and a similar procedure is conducted for grid points which do not include 
any projected point at the first step. Fig. 4 shows the results. Fig. 4(a) is an enlarged 
part of Fig. 2(b), and Fig. 4(b) is the result after applying the mapping. 

Grid pointProjected point

Search range for 1 st step Search range for 2 nd step
 

Fig. 3. Two-step integer mapping 

  
(a) (b) 

Fig. 4. Two-step integer mapping results (a) before (b) after 

2.3   Projection-Based Registration for Partial 3D Point Clouds 

Correct pairing plays a key role in accurate registration to compensate the errors in-
duced by the disparity estimation, camera calibration, etc. In fine registration phase, 
corresponding features, on 2D image plane instead of 3D space, are employed. That 
is, a feature-based approach is proposed by exploiting corresponding features within 
the overlapping area.  

Let us consider two textured surfaces that are already in the initial alignment. If 
you render the acquired 3D surfaces, as they would be seen from an arbitrary view-
point, the resulting 2D color images are also in alignment. Each point on the source 
surface projects to the same pixel as its corresponding point on the destination sur-
face. If we could move the partial surface of source view such that its projected image 
aligns well with the image of the other surface, we could be confident that visible 
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surface points projecting to the same pixel correspond to the same point on the object 
surface. We can then find good point pairs by pairing points that project to the same 
pixel. 

We apply our registration method to align two partial surfaces by iteratively ad-
justing extrinsic calibration parameters of source view with respect to destination 
view. In other words, we apply a Euclidean transformation T: ℜ3  ℜ3 to the 
source surface. The destination surface, SDst, is projected onto its own image plane 
and features, fDst, are extracted in the projected image plane. On the other hand, at 
each iteration, the source surface, SSrc, is projected onto the destination image plane 
and corresponding features, fSrc’, are searched for. This is illustrated in Fig. 5.  

Partial surface from
destination view

Partial surface from
source view

Destination view Source view

Destination
image plane

Source
image planefDst

fSrc’

fSrc

PDst

PSrc

SDst

SSrc

VDst
VSrc  

Fig. 5. Selection of corresponding features 

For each feature fDst of the destination image, the corresponding feature fSrc’ of the 
source image is found in the neighborhood of the same position as fDst using the modi-
fied KLT feature tracker. PDst and PSrc are 3D points of fDst and fSrc, respectively. And 
cDst and cSrc are RGB color components of fDst and fSrc, respectively. 

Firstly, features are extracted over the overlapping area, Ω, in the destination im-
age. The modified KLT feature tracker is adopted to extract feature corners that are 
robust to noise and can be tracked well. For this, local autocorrelation and eigenvalues 
are computed. After features are extracted, SSrc is projected onto the destination image 
plane using the same calibration parameters as the projection of SDst. Then, corre-
spondences are searched for in the projected source image using cross-correlation in 
sub-pixel unit. However, there may occur some mismatches that should be filtered 
out. In order to guarantee correct paring, RANSAC is applied at each iteration [15]. 
By exploiting RANSAC, we can eliminate outliners and obtain only correct pairs 
between source and destination views. 
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Projecting SSrc onto the destination image plane produces an image ISrc’. Then, we 
can define a cost function measuring the mismatch between ISrc’ and destination im-
age IDst. 
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where κ1 is described as follows to exclude the pair whose distance in 3D space ex-
ceeds a preset threshold Th. In other words, the pair, whose depth difference is large, 
is not included. 
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κ2 is a weighting factor for color information and N denotes the number of features. 
And || . || and Distmax represent the norm and a maximum distance between fDst and 
fSrc’, respectively.  

In summary, we search for correspondences and use them to define a total cost 
function within the overlapping area. By minimizing the cost function, a final pose of 
the source view is estimated. That is, we can estimate the pose of source view {RSrc, 
TSrc}, with respect to the pose of destination view {RDst, TDst} through minimizing the 
errors on N feature points as follows.  

Lthatsuch

TRtrwTRFind

g points,rrespondinsets of coGiven two

SrcSrc TR

DstDstSrcSrc

},{
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},{..},{  
(6) 

The total error is minimized through Levenberg-Marquardt non-linear optimization 
algorithm. 

By employing the proposed method, the correspondences between destination and 
projected source images can be found. Therefore, correspondences between destination 
and original source images can be established after applying RANSAC. Usually, it is 
hard to find correspondences between two views with a wide baseline. However, if 
depth image and initial camera pose are available, corresponding features can be ex-
tracted effectively. 

2.4   Surface Reconstruction of Registered 3D Point Clouds 

After pose estimation, trimming and color selection are required. We obtain the corre-
spondences through a registration process. Then, final 3D coordinates are calculated 
by a linear triangulation method [16].  

Color adjustment is also required to consider changes in lighting conditions de-
pending on the camera position. 
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where u and v are distances from left and right borders of the overlapping area to the 
current pixel, respectively. RDst (or GDst, BDst) and RSrc (or GSrc, BSrc) are red (or green, 
blue) of a current pixel for both images. On the other hand, R′ (or G′, B′) means final 
colors within the overlapping area. 

To reconstruct a final surface, after placing a multi-view camera at several posi-
tions and acquiring images and 3D point clouds, we apply the above procedure to 
them. Fig. 6 shows a conceptual diagram. 

[RT]0

Calibration
Pattern

Indoor Environment Captured Areas by a Multi-view Camera

[RT]1 [RT]2 [RT]3

[RT]01 [RT]12 [RT]23 ...

...

 

Fig. 6. Indoor scene reconstruction 

We first place a pattern whose relative position is already known. Then, we esti-
mate intrinsic/extrinsic parameters with respect to the world coordinate. A camera 
pose with respect to a specific point of the pattern, [R T]0, is evaluated by exploiting 
Intra-/Inter-calibration and structural information of the multi-view camera 
[13][17]. After moving the camera to other positions, through the above-mentioned 
procedure, we can get a relative pose [R T]i at each position, and carry out surface 
reconstruction. 

3   Experimental Results and Analysis 

The experiments were carried out under a normal illumination condition of general 
indoor environment. We used Digiclops which is a multi-view camera for image ac-
quisition [18]. It calculates 3D coordinates through disparity estimation. We em-
ployed a planar pattern with 7×5 grid points. Distance between two consecutive points 
is 10.6 cm. For depth image refinement, 30 frames are used to get mean and standard 
deviation. 

Fig. 7 demonstrates the results of minimizing distance errors between correspon-
dences. Enlarged areas are shown in Fig. 7(a) and Fig. 7(b) at the initial and final 
steps. Red and white markers represent features of source and destination views, re-
spectively, on the destination view. We can see that the distances between correspon-
dences are effectively minimized. 

 



 Indoor Scene Reconstruction Using a Projection-Based Registration Technique 767 

  
(a) (b) 

Fig. 7. Distance error minimization (a) before (b) after 

Fig. 8 illustrates registration results. Fig. 8(a) is a combined 3D point cloud and 
Fig. 8(b) is the results after registration. We can see that the registration works well 
by observing the boundary of a circle, Chinese or English characters in Fig. 8(c) to 
Fig. 8 (f). Furthermore, the navigation, from left to right view within the VE as shown 
in Fig. 8(g) to Fig. 8(i), proves the depth information of the model and some motion 
parallax. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

   
(g) (h) (i) 

Fig. 8. Registration results (a) combined 3D point cloud (b) registered 3D point cloud (c) 
enlarged area I in (a) (d) enlarged area I in (b) (e) enlarged area II in (a) (f) enlarged area II in 
(b) (g) left view (h) front view (i) right view 
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The registration results for another scene are shown in Fig. 9, which explain that the 
visual quality of the proposed method is better than that of ICP. Fig. 9(a) and Fig. 9(b) 
show left and right images, respectively. After initial registration, we can obtain the 
results as shown in Fig. 9(c). Note that heart shape, face part of bear and some letters are 
smeared. In Fig. 9(d) and Fig. 9(e), we can see the final registration results of ICP and 
the proposed method, respectively. Actually, total error is larger than the conventional 
ICP in terms of the closest distance. However, we observed that the visual quality of the 
proposed method is much better than that of the conventional ICP. The reason is that the 
conventional ICP only considers the closest distance instead of data themselves. 

  
(a) (b) 

   
(c) (d) (e) 

Fig. 9. The comparison of visual quality (a) left image (b) right image (c) initial registration (d) 
ICP (e) proposed method 

The registration and modeling results for two walls are shown in Fig. 10. To get 
this result, we moved the multi-view camera several times around two walls and reg-
istered the acquired 3D point clouds. In Fig. 10(a), two walls are shown. On the other 
hand, Fig. 10(b) and Fig. 10(c) are scenes for each wall. By applying the proposed 
method to several sets of 3D point clouds, we can do a dense 3D reconstruction for an 
indoor environment. 

As shown in Fig. 11, the proposed method is superior to ICP or color ICP in the 
sense of PSNR (Peak Signal to Noise Ratio). This is because the proposed one 
tracks correspondences by using neighborhood information in an image plane as 
well as geometric information. The convergence rate of the proposed one is also 
faster than that of color/texture-based method (α=7.0, NB=192). The reason is that 
ICP or color ICP takes longer to search for correspondences than does the proposed 
method. 
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(a) 

 
(b) 

 
(c) 

Fig. 10. Indoor Scene reconstruction (a) two walls (b) left wall (c) right wall 
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4   Conclusions and Future Work 

We proposed a novel registration method for 3D point clouds to carry out 3D recon-
struction for an indoor environment. We proved that even though the error of depth 
information is relatively large, effective registration is possible. Furthermore, the 
required time for registration can be reduced. Only a few views of a real environment 
are enough for reconstruction instead of numerous 2D images. There are still remain-
ing challenges. Global registration should be optimized to do reconstruction for the 
entire indoor environment. Natural augmentation of virtual objects into the recon-
structed environment requires light source estimation and analysis to match illumina-
tion condition of the VE. Finally, dense disparity estimation is required to obtain 
better results. 
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