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Abstract

This paper proposes a sequential online 3D reconstruc-
tion system using dense stereo matching for a non-expert
user, which can sequentially reconstruct accurate and dense
3D point clouds when the new image is captured. The pro-
posed system is based on a novel processing pipeline of se-
quential online 3D reconstruction with two key techniques:
(i) camera parameter estimation of Sructure from Motion
(SfM) and (ii) dense stereo correspondence matching us-
ing Phase-Only Correlation (POC). The user can confirm
the reconstruction result and add supplementary images to
the system in order to reconstruct a complete 3D model as
needed. Through a set of experiments, the proposed sys-
tem exhibits efficient performance in terms of reconstruction
accuracy and computation time compared with the conven-
tional system.

1. Introduction

Recently, with the rapid development of 3D printers,
which are now available for consumer use, 3D printing of
an object has been receiving much attention. There are still
problemsfor non-expertsto utilize the 3D printing technol-
ogy. One of mgjor problemsis to generate a 3D model of a
target object in the real-world environment. Most of prac-
tical 3D measurement systems employ laser scanning or
structured light projection to generate accurate 3D models.
These systems require special measurement equipment de-
pending on the target objects and may be liable to be expen-
sive. Also, the application of these systemsis limited, since
the measurement equipment is relatively large. Hence, an
easy-to-use 3D modeling system is indispensable for prac-
tical usein daily life.

The topic of reconstructing a 3D model from a set of
images has attracted much attention as one of approaches
to easy-to-use 3D modeling in the field of computer vision.
[20, 22, 5]0 A dense and accurate 3D modeling agorithm
from still images has been proposed by Furukawaet al. [9]
and a web-based application of 3D modeling from photos
has also been available [2, 1]. Such 3D modeling systems

consist of the offline processes, since al the input images
are needed to start the 3D modeling process. If the complete
3D model is not generated, the supplementary images have
to be taken by the user and all the processes of 3D modeling
are performed again. Therefore, the user needs more time
to generate a 3D model and the technological knowledgeto
understand the viewpoint required to generate a complete
3D model.

The 3D modeling algorithm with sequential 3D recon-
struction from images is comfortable for non-expert users,
since the user easily confirms the 3D reconstruction result
and understands the viewpoint required to generate a com-
plete 3D model. So far, online 3D modeling agorithms
where the input for these algorithms is a video sequence
have been proposed [19, 23, 17, 26, 10, 27]. It is hard for
non-expert users to take a high-quality video sequence so
as to reconstruct a 3D model of a scene compared with still
images, since the image quality of video sequenceis lower
than that of still images and special hardware devices such
as storage, processor, etc. are needed to process a large
amount of images. The most difficult problem for non-
expert users is to take a video sequence without blur due
to hand movement. Recently, the 3D modeling system on
mobile phones has been proposed by Tanskanen et al. [25].
For the purpose of real-time 3D reconstruction on mobile
phones, the system employs Sum of Absolute Differences
(SAD) for depth map computation, whose accuracy is not
enough to reconstruct an accurate 3D model from images.
Also, there is no quantitative evaluation of reconstruction
accuracy for the system in [25]. To realize an easy-to-use
3D modeling system, the 3D model has to be sequentially
reconstructed from still images, while there is no dense 3D
modeling algorithm with sequential 3D reconstruction from
still images to the best of our knowledge.

This paper proposes an easy-to-use sequential 3D recon-
struction system which combines camera parameter estima-
tion of Structure from Motion (SfM) [24, 11] and dense cor-
respondence matching using Phase-Only Correlation (POC)
[21]. When anew imageis taken, the proposed system esti-
mates its cameraposition using SfM and reconstructs dense
3D pointsusing POC from images whose camerapositionis
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known. Through a set of experiments, the proposed system
exhibits efficient performancein terms of reconstruction ac-
curacy and computation time compared with the conven-
tional method [9].

The main features of the proposed system are summa-
rized asfollows:

e Theeffectivepipelinefor asequential online 3D recon-
struction system isemployed, i.e., the proposed system
executes 3D reconstruction as well as image acquisi-
tion. A user can confirm the reconstruction result and
add supplementary images to the system in order to
reconstruct a complete 3D model as needed.

e Theinput for the proposed system is still images, since
high-quality images can be taken by aconsumer digital
camera even for non-expert users.

e The proposed system employs a POC-based corre-
spondence matching method, which allows us to re-
construct a high-quality 3D model.

e The proposed system does not need any special equip-
ment for camera calibration. It is convenient for non-
expert users to use the 3D reconstruction system.

2. System Overview

The proposed system reconstructs accurate and dense 3D
point clouds from still images taken by a moving camerain
ashort time and displays the reconstructed 3D point clouds
at the same time. The proposed system consists of a con-
sumer digital camera and a computer as shown in Fig. 1.
The user can select the type of the system as usage. In the
case of Fig. 1 (&), conveniencefor image acquisition can be
improved by using the digital camera or the memory card
with Wi-Fi, which transfers images to the computer. In the
case of Fig. 1 (b) and (c), the use of a smartphone or a
tablet computer makes it possible to realize a portable sys-
tem, since both a camera and a general-purpose processor
are embedded in the system. The input images to 3D re-
construction systems have to be in focus and be without any
halation. The images captured with existing consumer digi-
tal cameras satisfy the above conditions, since the aperture,
shutter speed and focal length of these cameras are auto-
matically configured by their automatic focus and exposure
functions. Hence, the user can capture suitable images for
3D reconstruction without any technological knowledge.

The proposed pipeline for the sequential online 3D re-
construction system consists of (i) image acquisition, (ii)
pose estimation, and (iii) dense reconstruction as shown in
Fig. 2. First, the user captures the image I; from the arbi-
trary viewpoint. Second, the system finds correspondence
between the image I; and the previous image I, _; using

Tablet 162
computer 163

Object 164
165
166
167
Figure 1. Examples of 3D reconstruction system: (&) consumer 168
digital camera and compuiter, (b) smartphone, and (c) tablet com- 169
puter. 170
171
feature-based correspondence matching such as SIFT. Ac- Lz
cording to correspondence between I; and I;_, the cam- e
era parameter of I, is estimated using SfM [24, 11]. The L
stereo image pair for the i-th camera position consists of Lo
the image I; and theimage I;(¢ > j) which is close to ;. 1;?
The system rectifies stereo images I; and ; and finds the
dense correspondence between the rectified stereo images e
using POC [21]. Then, the system reconstructs dense 3D Lo
point clouds from /; and I; and merges the reconstructed 1:2
3D point clouds to the whole 3D point clouds. The pro-
posed system can simultaneously capture images, update Loz
dense 3D point clouds, and display the reconstructed 3D 183
model by using asynchronous multithread processing of the Loa
above procedure. 189
186
3. Pose Estimation 12;
This section describes details of pose estimation used in 189
the proposed system. The process of pose estimation con- 190
sists of (i) feature-based correspondencematching, (ii) cam- 191
era parameter estimation, and (iii) bundle adjustment. Note 192
that this process is executed when more than one image is 193
input, i.e., i > 1. 194
(i) Feature-based correspondence matching 195
The corresponding point pairs between the images I; 196
and I;_; are obtained using feature-based correspondence 197
matching, since the stereo images include various geomet- 198
ric transformation such as scaling, rotation, and nonlinear 199
transformation due to a camera movement and a change of 200
focal length. In the proposed system, we employ Scale- 201
Invariant Feature Transform (SIFT) [16]. SIFT is robust 202
against geometric deformation and illumination change be- 203
tween images compared with other feature-based matching 204
methods such as Speeded Up Robust Features (SURF) [6] 205
and Binary Robust Invariant Scalable Keypoints (BRISK) 206
[14]. We also empirically confirm that SIFT exhibits effi- 207
cient performance of pose estimation in the proposed sys- 208
tem compared with other feature-based methods. If the 209
number of corresponding point pairs is not enough to es- 210
timate pose estimation, the system requests another image 211
acquisition to the user. 212
(if) Camera parameter estimation 213
The camera parameter of I; is estimated accordingto the 214
corresponding point pairs obtained in the previous step. 215
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Figure 2. Pipeline of the proposed sequential online 3D reconstruc-
tion system: The i-th camera position is estimated from the image
I, taken by the user and the previous image ;1 using SfM. The
stereo image pair for the i-th camera consists of the image I; and
theimage I;(¢ > j) whichiscloseto I;. Werectify the stereo im-
ages and find dense correspondence between the rectified stereo
images using POC. We reconstruct 3D point clouds from the cor-
responding point pairs and update the whole 3D point clouds.

First, we estimate the intrinsic parameter A; of the cam-
erataking the image I;. The intrinsic parameter matrix A
of acamerais defined by

fp, 0 %
A= 0 g L) M
0 0 1

where f isthe focal length of the camera, w and h are the
width and height of theimage, respectively, and D ,, and Dy,
are the width and height of the image sensor, respectively.
The focal length f and the image resolution (w, k) are ob-
tained from Exif (Exchangeable image file format) infor-
mation of theimage [12]. Theimage sensor size (D ,, D)
depends on the camera and is given in the specification of
the camera. According to Eq. (1), the intrinsic parameter
matrix A; is calculated from I;.

Next, we estimate the extrinsic camera parameters of 7.
As for i = 2, we estimate the extrinsic camera parame-
ters using the normalized five-point algorithm [18]. Asfor
i > 2, we estimate the extrinsic camera parameters of I;
using the method proposed by Kneip et al. [13] from the
geometric relation between the 3D points and the 2D coor-
dinates of corresponding point pairs. We a so employ RAN-
dom SAmple Consensus (RANSAC) [7] for robust param-
eter estimation.

The 3D points of corresponding point pairs between I;
and I;_, are reconstructed according to the camera param-
eters and triangulation. We refine reconstructed 3D points
using the following three techniques. If the baseline length
of the 3D points which have been aready reconstructed be-
comes wide by using the image I;, we reconstruct the 3D
points concerned using I; again to improve the accuracy of
3D points. We remove a 3D point having too large or too
small apical angle between the stereo camera used to recon-
struct the 3D point or having too large reprojection error as
an outlier. We merge two 3D points whose distance is sig-
nificant short into one 3D point having the mean coordinate
of the original two 3D pointsto reduce the computation cost
of bundle adjustment.

(iii) Bundle adjustment

We optimize the reconstructed 3D points and estimated
cameraparametersin nonlinear optimization by minimizing
reprojection error using bundle adjustment [11, 24], since
the accuracy of these parameters has an impact on the suc-
ceeding steps. We employ global and local bundle adjust-
ments depending on the target range in this paper.

Globa bundle adjustment optimizes all the 3D points
and camera parameters of all the images. Let P = {p,}
(1 <i < K) beaset of estimated projection matrices and
Q = {q,;} (1 <j < L) beaset of coordinates of arecon-
structed 3D point, where K is the number of images and L
is the number of 3D points Q. Global bundle adjustment
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minimizes cost function £, (P, Q) defined by

K L
B,(P.Q) = 5 33 iy — mu(p )P @)

i=1 j=1

wherem; ; istheimage coordinate of g ; onthe i-thimage.
The m,e,(p;, ;) isthe image coordinate reprojected from
q; with p,. Since the computational cost of global bundle
adjustment significantly increases with increasing the num-
ber of camera parameters and 3D points, we iteratively per-
form global bundle adjustment at appropriate intervals.

Local bundle adjustment optimizes the camera parame-
tersof thei-th image and 3D points observed in the position
of thei-thimage. Let p, be an estimated projection matrix
of the i-thimageand Q" = {q} (1 < j < L') be aset
of coordinates of reconstructed 3D points observed in the
position of the ¢-th image, where L’ is the number of 3D
points Q’. Local bundle adjustment minimizes cost func-
tion E;(p,, Q') defined by

LI
/ 1 /
Ei(p, Q) =5 > _lImi = muep (i I ()

=1

Since the computational cost of local bundle adjustment is
low, weiteratively performlocal bundle adjustment after es-
timating the camera parameters. We employ the Levenberg-
Marquardt (LM) method, which is one of the nonlinear
| east-squares optimization methods, in these nonlinear opti-
mi zation processes.

The optimized reconstructed 3D points and estimated
camera position and poses are displayed when the pose es-
timation processis finished.

4. Dense Reconstruction

This section describes dense 3D reconstruction from im-
ages whose position is obtained in pose estimation. The
process of dense reconstruction consists of (i) stereo im-
age pair selection, (ii) stereo rectification, (iii) dense stereo
matching and 3D reconstruction, and (iv) point clouds re-
finement.

(i) Stereoimage pair selection

Dense 3D reconstruction is executed between the stereo
image pair having small perspective distortion so as to
prevent the quality of 3D reconstruction from decreasing
by dense correspondence matching. We select one image
I;(j < i) whose position is closest to the image I; and
which is captured with the parallel optical axis, according
to the following procedure. The adjacency of I,, against I;
is defined by

where d,, and r,, correspond to the unit vector along the
optical axis of the image and the unit vector in the direc-
tion from the image to the centroid of the 3D points recon-
structed using SfM, respectively. We select the image 1
satisfying the following condition:

elower < 9]’ < Huppera (5)

where oyer and Oypper indicate the lower bound and upper
bound of the nearness, respectively. If there is no image
satisfying Eq. (5), the dense reconstruction process is not
executed for the image I;.

(ii) Stereorectification

To obtain accurate and dense 3D points, we employ an
area-based correspondence matching method. However, it
is hard for an area-based method to obtain correspondence
between the stereo image pair having large perspective dis-
tortion. Hence, we reduce the perspective distortion be-
tween the stereo image pair I; and I; by stereo rectifica-
tion. Stereo rectification is to transform an image pair as
if the image pair is captured with a parallel stereo camera
[24], that is, the scaling in vertical direction and rotation
between the image pair are reduced and the geometric de-
formation between theimage pair is also limited to horizon-
tal direction. Note that the correspondence search between
astereo image pair is reduced to 1D search by stereo rectifi-
cation. The rectified stereo image pair 7; and I} is obtained
by transforming Z; and I; with the homography matrix cal-
culated from the camera parameters.

(iii) Dense stereo matching and 3D reconstr uction

We obtain dense corresponding point pairs between rec-
tified stereo images 1; and I} using an area-based corre-
spondence matching method. Unlike the feature-based cor-
respondence matching method, the area-based correspon-
dence matching method can obtain the point on 7 corre-
sponding to the reference point placed on the arbitrary po-
sition in I. Hence, when many reference points are placed
on I/, the dense corresponding points can be obtained so as
to measure the fine 3D structure of the object.

Among area-based correspondence matching methods,
the proposed system employs POC [21], since it can esti-
mate translational displacement between images with sub-
pixel accuracy and is robust against illumination change
between images. This advantage is suitable for change of
lighting condition and brightness change due to automatic
gain selection of the camera. The use of POC makes it
possible to reconstruct the accurate 3D shape of the object,
since coordinates of corresponding point pairs are with sub-
pixel accuracy according to the analytical correlation peak
model of POC function. POC & so provides the matching
score between local image blocks from the maximum cor-
relation peak value of the POC function.

We reconstruct dense 3D points from corresponding
point pairs between I; and I; according to triangulation.
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Figure 3. Data sets and ground truth data used in the experiments:
(a) Cat and (b) Dog

We remove 3D points having large variance of the distance
among nearest K'-3D points as an outlier.
(iv) Point clouds refinement

The 3D point clouds C; reconstructed in the previous
step are merged into the 3D point clouds C which have
been already reconstructed. Both 3D point clouds C; and
C arerepresented by octrees, where the smallest size of the
octree cell is the mode of the distance between the nearest-
neighbor points. For each octree cell, only 3D points hav-
ing the maximum matching score cal culated in dense stereo
matching using POC are held and others are removed. We
calculate the coordinates of the whole 3D point clouds C,
if the camera parameters estimated before the image index
1 are updated by global bundle adjustment in pose estima-
tion. The updated whole 3D point cloud is displayed when
the dense reconstruction process is finished.

5. Experiments and Discussion

This section describes a set of experiments to evaluate
performance of the proposed system using data sets taken
by a moving camera. The performance of the proposed
system is compared with the conventional system which
consists of (i) camera parameter estimation using SIFT-
based SfM and (ii) dense reconstruction using the Patch-
based Multi-View Stereo (PMVS) agorithm proposed by
Furukawaet al. [9].

5.1. Experimental Condition

The target objects are figurines of a cat
with  W30cmxD30cmxH10cm and a dog with
W20cmxD15cmxH20cm as shown in Fig. 3. We
use a consumer digital camera (Panasonic LUMIX DMC-
GF6) with 1,280 x 960 color pixels. We use 18 images for
the cat and 28 for the dog. These data sets are taken in ad-
vance, since the conventional system is based on the offline
process. The camera and the target object are about 1m
apart. Theinitial values of the intrinsic camera parameters
are estimated using Exif information of captured images. A
3D mesh model for each target object is measured with the
laser scanner (Steinbichler COMET 5) as shown in Fig. 3
to quantitatively eval uate the performance.

3D point clouds are reconstructed from the captured im-
ages using the conventional and proposed systems. We as-
sumethat theimage acquisition time per imageis 2 seconds.
As for the proposed system, the images are input with 2-
second interval. As for the conventional system, the total
time of image acquisition is added to the processing time,
since the conventional system is not online. We can cre-
ate amask to separate the background regions from the im-
age by simple subtraction, since the images are acquired
against a blue background. The accuracy of reconstruc-
tion is evaluated by comparing the reconstructed 3D point
clouds and the ground-truth mesh model using the Iterative
Closest Point (ICP). Note that not only rotation and transla-
tions but also scale are estimated with ICP, since the scale
of the reconstructed 3D point cloudsis indefinite.

We implement the conventional system using Visua
SfM [28] to estimate the camera parameters and CMV S2
[8] for dense reconstruction. The input images are al the
images, wherethe blue backgroundis masked by black. The
level of image pyramid for CMVS2 is O, the size of match-
ing window is 7 x 7 pixels, the threshold of the correlation
value is 0.6, and the size of the cellsis 2 x 2. The other
parameters are the same as those in Furukawaet al. [9].

We implement the proposed system using C++. SIFT-
based correspondence matching is implemented using
OpenCV [3]. The threshold of reprojection error for
RANSAC is 0.5 pixels and the maximum number of iter-
ations for RASAC is 100. The threshold of reprojection
error and the minimum apical angle for outlier removal in
SfM are 1.0 pixels and 3 degrees, respectively. Global and
local bundle adjustment areimplemented using Sparse Bun-
dle Adjustment (SBA) [15]. Note that global bundle adjust-
ment is executed when RMS of the reprojection errors of
all the camerais morethan 0.5 pixelsor RMS of the repro-
jection error is below 0.5 pixels for the 5th time in a row
to frequently execute global bundle adjustment. Thethresh-
old for stereo image selectionis 0.97 for 64y and 0.99 for
Bupper- Theinterval of reference points placed on the im-
ageis 2 pixels. The size of window for POC-based image
matching is 32 x 32 pixels, and the threshold of the peak
valueis 0.6. We use Point Cloud Library (PCL) [4] to dis-
play the reconstructed 3D point clouds and the estimated
camerapositions, remove outliers of 3D point clouds using
astatistical outlier removal filter, and merge 3D point clouds
using octree. For outliner removal using the statistical fil-
ter, the number of the nearest-neighbor pointsis 30 and the
threshold of the distance variance is 2. Both systems are
implemented on Windows 7 Professional, Intel ® Core' " i7-
990X (3.47GHz), RAM 24 GB.

5.2. Experimental Results

Fig. 4 shows the reconstructed 3D point clouds and er-
ror maps for the conventional and proposed systems. “Er-
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- Figure 4. Reconstructed 3D point clouds (1-2 columns) and error maps (3—4 columns) whose range is from blue (0 mm) to red (3 mm). 610
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558 Table 1. Summary of experimental results. The error in the bracket indicates the error calculated using 3D points that have error below 3 612
559 mm. The number of points in the bracket indicates the rate of 3D points that have error below 3 mm. 613
560 Conventional system Proposed system 614
Data set . . . )
561 Error [mm] #of points  Time[sec] | Error [mm] # of points  Time[sec.] 615
562 Cat 0.44 (0.43) 334,589 (99.97%) 175 | 0.47(0.47) 345,433 (99.98%) 43 616
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588 Figure 5. Detailed computation time for each processin the proposed system. 642
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591 ror” in Table 1 summarizes the Root Mean Square (RMS) tem. Hence, the quality of 3D point clouds reconstructed 645
592 of reconstruction errors. The reconstruction accuracy of the by the proposed system is sufficiently-high, since the 3D 646
593 proposed system is better than that of the conventiona sys- reconstruction method used in the conventiona system is 647



~image 5 (11 sec.) ~image 10 (25 sec.)

~image 15 (34 sec.) ~image 18 (43 sec.)

~image 7 (16 sec.)
Figure 6. Camera position and dense 3D point clouds displayed in the proposed system: (a) Cat and (b) Dog. (blue: unselected camera,
cyan: selected camera, red: the final camera position).

~ image 14 (32 sec.)

known as one of the accurate ones. From the results of the
proposed system as shown in Fig. 4, reconstruction error is
increased around theintersection of 3D pointsreconstructed
in the first and last time. Multiple 3D point clouds may not
be compl etely overlapped, since accumulative error of cam-
era pose estimation isincreased with increasing the number
of images. To address the above problem, we can add loop
closing in pose estimation for robust parameter estimation
and ICP in the post processing for accurate 3D reconstruc-
tion of the whole shape of the object. “# of points’ in Table
1 shows the number of reconstructed 3D points. The pro-
posed system can reconstruct a number of 3D points com-
parable with the conventional system.

“Time” in Table 1 shows the computation time to recon-
struct the whole 3D shape for each object. Fig. 5 shows
detailed computation time for each process in the proposed
system. The computation time of the proposed system is
about one-third of that of the conventional system to recon-
struct the whole 3D shape of the object. When a new image
is input to the system, the conventional system has to do
dense reconstruction using PMV S again, in other words, it
takes additional hundreds seconds for the conventional sys-
tem. On the other hand, the proposed system takes a few
secondsto do dense reconstructionasshownin Fig. 5, since
the proposed system hides the processing time of compu-
tationally expensive processes such as SIFT-based feature
matching and dense 3D reconstruction using multithread
processing. Hence, the proposed system can provide an in-
teractiveinterface for users through a process of 3D model-
ing as shown in Fig. 6.

Fig. 7 shows other interesting examples of 3D point
clouds reconstructed from images taken by the consumer
digital camera. Settings are the same in the above exper-
iments both for conventional and proposed systems. The
proposed system can reconstruct dense and accurate 3D
point clouds of all the objects.

As observed in the above experiments, the proposed sys-

~ image 21 (46 sec.) ~ image 28 (52 sec.)

tem exhibits efficient performance compared with the con-
ventional system. Also, the use of the proposed system
makes it possible to realize online 3D modeling for non-
expert users.

6. Conclusion

This paper has proposed a sequential online 3D recon-
struction system using dense stereo matching, which can
sequentially reconstruct 3D point clouds when anew image
is taken. Through a set of experiments, we have demon-
strated that the proposed system exhibits efficient perfor-
mance in terms of reconstruction accuracy and computa-
tion time compared with the conventional system. In future
work, we will develop an interactive interface so as to sup-
port image acquisition by users. Also, we will reconstruct
large-scale 3D models of a variety of scenes using the pro-
posed system.
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