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1. Introduction

3D surface reconstruction has been integrated in camera-
mounted computers for industry applications in recent years.
Thousands of companies manufacture surveillance cameras.
However, the expected software that can facilitate the analysis
of the huge flow of video information is virtually absent. A useful
idea would be to use 3D information from one off-the-shelf camera
to extract the target motion and structure from a sequence of 2D
images. Dynamic 3D reconstruction of structure and motion of
targets is an important topic in industry [1–3]. It emerged in many
recent industrial applications including real-time 3D image
visualization [4], face detection [5,6], and 3D surface and curve
reconstruction [1,7].

The advantage comes when the 3D reconstruction method uses
less time and space to reconstruct the 3D objects from fewer
frames, hopefully without incorporating a second camera [8]. 3D
reconstruction using a pan–tilt–zoom (PTZ) camera is very

promising due to its active imaging function, such as changing
focus, pan–tilt head moving in network camera applications [9,10].
The work presented here specifically features a PTZ configuration
so that the 3D object modeling of the target can be extracted
from one single actively moving camera. In dynamic environ-
ments, a big need arises to combine the 3D reconstruction with
tracking in which the 3D structure and motion are sequentially
updated considering tracking information [11–13]. An active PTZ
system can be useful for modeling because it uses the estimated
PTZ motion to keep the target in the center of the image and
updating the 3D model of the target. We propose a new method,
D3DR, to recover the 3D motion and structure of the target,
incrementally considering information from a single PTZ camera
tracking the target.

The contribution of this paper is twofold: (1) proposing a
dynamic 3D reconstruction method (D3DR) that dynamically
estimates PTZ measurements of a camera tracking a target, and (2)
proposing a keyframe selection strategy to select the frames that
have a significant amount of motion to be used in the reconstruc-
tion process. Those new approaches simply update the 3D
structure and motion of the target incrementally with fewer
frames. We have specialized the imaging device as a latest PTZ
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A B S T R A C T

3D surface reconstruction and motion modeling has been integrated in several industrial applications.

Using a pan–tilt–zoom (PTZ) camera, we present an efficient method called dynamic 3D reconstruction

(D3DR) for recovering the 3D motion and structure of a freely moving target. The proposed method

estimates the PTZ measurements to keep the target in the center of the field of view (FoV) of the camera

with the same size. Feature extraction and tracking approach are used in the imaging framework to

estimate the target’s translation, position, and distance. A selection strategy is used to select keyframes

that show significant changes in target movement and directly update the recovered 3D information. The

proposed D3DR method is designed to work in a real-time environment, not requiring all frames

captured to be used to update the recovered 3D motion and structure of the target. Using fewer frames

minimizes the time and space complexity required. Experimental results conducted on real-time video

streams using different targets to prove the efficiency of the proposed method. The proposed D3DR has

been compared to existing offline and online 3D reconstruction methods, showing that it uses less

execution time than the offline method and uses an average of 49.6% of the total number of frames

captured.
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camera, and compared our proposed D3DR to those existing salient
methods (called offline and online methods using the orthographic
projection) in the identical pan–tilt–zoom setting.

Our overall proposed flow works as follows: the user selects an
area inside a target by dragging the mouse to form a rectangular
area. Then, the camera tracks the target area to keep it in the FoV of
the camera with the same size. The keyframe selection strategy is
applied to select the frames that show significant motion of the
target to be used in the reconstruction process. The algorithm
updates the target’s motion and structure after every keyframe
selected. Thus, the proposed method uses the tracking information
immediately without the need to store growing matrices in
memory.

The remainder of this paper is organized as follows: Section 2
presents a related study about 3D reconstruction. Section 3
reviews the existing offline and online reconstruction methods.
Section 4 presents the proposed D3DR. The proposed method’s
performance is tested and the result analysis is shown in Section 5.
Section 6 concludes the paper.

2. 3D reconstruction background

We present a brief reference background of 3D reconstruction
methods that are relevant to our research. Section 2.1 reviews the
problem of target tracking. Section 2.2 reviews 3D motion and
structure recovery.

2.1. Target tracking

Feature points extraction and tracking is one of the most
important parts of the reconstruction process. Optical flow can be
used as a method for feature tracking. Yilmaz et al. [14] reviewed
and classified the state-of-the-art tracking methods into different
categories based on the object and motion representations used.
Feature-based methods are developed to work in long image
sequences for structure-from-motion problems [15,16] or for
dynamic environments when both the camera and the target are
moving [17]. A tracker should be able to detect and track the good
feature points [18]. Kanade–Lucas–Tomasi (KLT) tracker [19]
assumes the affine projection model and uses the least sum of
squared difference (SSD) of pixel intensity between frames in the
feature neighborhood to estimate new feature location. We choose
the KLT tracker for our implementation because it has been
demonstrated to be robust and reliable. Active PTZ network
cameras are used for tracking a target as in [20–22].

2.2. 3D motion and structure recovery

3D reconstruction methods take advantage of information
provided by a long sequence of images [23–25]. In [26], the method
constructs 3D shapes of geometrical entities based on the iterative
closest point (ICP) algorithm. Bozdagi et al. [27] proposed a method
that estimates 3D motion and adapts a generic wire-frame to a
particular speaker simultaneously within an optical flow based
framework. Feature-based structure-from-motion methods in-
cluding [28–30] depend on feature points selection and tracking in
an image stream. The recovery and triangulation of 3D trajectories
has been studied in [31,32], respectively. Online 3D reconstruction
has advantages over the offline 3D reconstruction methods when
used in real systems [11–13]. Automatic reconstruction methods
exist to recover motion and structure from monocular image
sequences [33–35] or using feature-based structure-from-motion
approaches [28,36]. Extended Kalman filter is used to recover
motion and structure from an uncalibrated video [37]. Distributed
and scalable volumetric architecture for reconstructing arbitrary
structures in real time are used as in [38]. This architecture consists

of acquisition nodes to reconstruct partial models from multiple
views and a master node to merge those partial models.

3. Existing 3D reconstruction studies

We present existing 3D reconstruction methods directly
relevant to our research. Section 3.1 shows the offline reconstruc-
tion using the factorization method. Section 3.2 shows the online
reconstruction from a moving camera using the sequential
factorization method.

3.1. Offline 3D reconstruction from a stationary camera using the

factorization method

For the recovery of 3D structure and motion, we present Tomasi
and Kanade’s factorization method [29]. The input of this method is
the feature points correspondences provided by the KLT tracker.
The KLT tracker used in this paper rejects the outliers and chose the
‘‘good’’ features to track. We assume a sequence of F images taken
for a moving target in front of a PTZ camera. The orthographic
projection model assumes that projection rays are parallel to the
camera’s optical axis.

Fig. 1 shows the systems of reference for the image, target, and
camera. For frame f, the camera orientation is described by the unit
vectors if, jf, and kf. The distance between the camera origin and the
fixed world coordinate is represented by the translation vector
T. Each point sp = [X, Y, Z]T in the fixed world coordinate is located
by KLT at the image position p f ; p ¼ ðu f ; p; v f ; pÞ in image frame f

and located at feature point position p f �1; p ¼ ðu f �1; p; v f �1; pÞ in
frame f � 1.

Given a video stream, suppose that we have tracked P feature
points over F frames. We then have the image coordinates:
p f ; p ¼ fðu f ; p; v f ; pÞ : f ¼ 1; . . . ; F; p ¼ 1; . . . ; Pg. The corresponding
feature points p f ; p ¼ ðu f ; p; v f ; pÞ are written in a measurement
matrix W : 2F � P :

W ¼

u11 � � � u1P

..

.
} ..

.

uF1 � � � uFP

v11 � � � v1P

..

.
} ..

.

vF1 � � � vFP

3
777777775

2
666666664

¼ U
V

� �
: (1)

The registered measurement matrix W* is computed by
subtracting from W the mean x f ¼

PP
p¼1 u f p=P and y f ¼PP

p¼1 v f p=P of all uf,p and v f ; p at a frame f respectively:
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Fig. 1. The coordinate system showing the geometric relation between frame f � 1

and frame f.
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